ATW-tAHa  HAiW-lS  IT  t' 


MiCRriror 


CH^RT 


UNCLASSIFIED _ 

SCC(JR»TY  C<.ASS»P>CATI0N  OF  THIS  PAGE 


la  REPORT  SECURITY  CLASSJFiCATION 

UNCLASSIFIED _ 

2».  security  classification  authority 

2b.  oeCLASSiFiCATION/OOWNGRADING  SCHEDULE 

4  PERFORMING  ORGANIZATION  REPORT  NUMBER<S) 

AFRRI  SR85-33  through  85-41 

6a  NAME  OF  PERFORMING  ORGANIZATION  6b.  OFFICE  SYMBOL 

Armed  Forces  Radiobiology  afrrV 

Research  Institute _ 

6c.  ADDRESS  rCily.  State  and  /.tP  Code) 

Defense  Nuclear  Agency 
Bethesda,  Maryland  20814-5145 


REPORT  DOCUMENTATION  PAGE 

1  )b  RESTRICTIVE  MARKINGS 


3  DISTRIBUTION/A  VAILABILITV  OF  REPORT 

Approved  for  public  release;  distribution 
unlimited. 

5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


I  7a  name  of  MONITORING  ORGANIZATION 


Ba  NAME  OF  FUNOING/SPONSORING 
organization 

Defense  Nuclear  Agency 

Be  ADDRESS  iCily.  Statf  and  ZIP  Code) 


8b.  OFFICE  SYMBOL 
ilf  applicable) 

DNA 


I  7b.  ADDRESS  (City.  Stale  and  ZIP  Codei 


is.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


1 10  SOURCE  OF  FUNDING  NOS 


Washington,  DC  20305 

PROGRAM 
Element  no 

1 

- 1 

project 

NO. 

1 

TASK 

NO 

WORK  UNIT 
NO 

11  TITLE  'Include  Security  Clautficaiion) 

AFRRI  Reports,  Oct-Dec  1985 

QAXM 

12.  personal  authorisi 

13«.  type  OF  REPORT  13b.  TIME  COVERED 

Reprints/Technical  from  to 

14  DATE  OF  report  fV'r  .  .Wo  . 

15  PAGE  COUNT 

83 

*  •  *  4  "  s  • 


'j*  V  -p  ' 

.v'-X' 


1 16.  SUPPLEMENTARV  NOTATION 


WF.-J 


17 

cosATi  cooes  1 

FIE  LD 

GROUP 

SUB  GR 

18  SUBJECT  TERMS  'Continue  on  rtverse  if  ncceuory  and  identify  by  block  number) 

N/A 


19  ABSTRACT  rConimue  on  reverse  if  necessary  and  identify  by  block  number/ 

This  volume  contains  AFRRI  Scientific  Reports  SR85-33  through  85-41  for  Oct-Dec  1985. 


DTIO 

ILlICTE 

APR  1  0  1986 


JO  DISTRIBUTION.  AVAILABILITY  OF  ABSTRACT 
UNCLASSlFlEO/UNLIMlTED  3?  SAME  AS  RPT  C  OTIC  USERS  □ 
22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Junith  A.  Van  Deusen 

DD  FORM  1473,  83  APR  EDITION  OF  1  JAM 


21  ABSTRACT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


22b  TELEPHONE  NUMBER  22c  OFFICE  SYMBOL 

•  Include  .Irpo  C‘ode» 


_ (202)295-3536 

EDITION  OF  1  jAN  73  IS  OBSOLETE 


ADMG 


security  CLASSIFICATION  OF  ThiS  PAGE 


CONTENTS: 


t 

SR85-33:  Bogo,  V.,  Jacobs,  A.  J.,  and  Weiss,  J.  F-  Behavioral  toxicity  and  efficacy 
of  WR-2721  as  a  radioprotectant: 


SRSSr-^  Bowers,  G.  J.,  Patchen,  M.  L.,  MacVittie,  T.  J.,  Hirsch,  E.  F.,  and  Fink, 
M.  P.  Comparison  of  the  effects  of  soluble  and  particulate  forms  of  glucan,  an 


immunomodulator,  on  prostaglandin  synthesis  by  rat  peritoneal  macrophag^*- 
SR8&-35:  Gallin,  E.  K.,  Green,  S.  W.,  and  Sheehy,  P.  A.  Enhanced  activity  of  the 


macrophage-like  cell  line  J774.1  following  exposure  to  gamma  radiation; 


N  ■ 

SR85-36:  Hagan,  M.  P.,  MacVittie,  T.  J.,  and  Dodgen,  D.  P.  Cell  kinetics  of  GM- 
CFC  in  the  steady  state; 


SR85-37:  McCarthy,  K.  F.,  Hale,  M.  L.,  and  Fehnel,  P.  L.  kat  colony-forming  unit 
spleen  is  0X7  positive,  W3/13  positive,  0X1  positive,  and  0X22  negative^ 


SR85-38:  Neta,  R.,  MacVittie,  T.  J.,  Schwartz,  G.  N.,  and  Douches,  S.  D.  Thymic 
hormones  in  radiation-induced  immunodeficiency,*^ 

SR85-39:  Patchen,  M.  L.,  and  MacVittie,  T.  J.  ^Stimulated  hemopoiesis  and 

enhanced  survival  following  glucan  treatment  in  sublethally  and  lethally  irradiated 
mice^v 

SR85-40:  Rabin,  B.  M.,  Hunt,  W.  A.,  and  Lee,  J.  ^Intragastric  copper  sulfate 
produces  a  more  reliable  conditioned  taste  aversion  in  vagotomized  rats  than  in 
intact  ra^’ 


SR85-41t  Weinberg,  S.  R,,  Gruber,  D,  F.,  Exum,  E.  D.,  and  Ledney,  G.  D. 
'Modulations  in  mouse  hemopoiesis  after  engraftment  with  Lewis  lung  (3LL) 
carcinoma  cells^ 


1 


RADIATION  RESEARCH  104,  182-190  (1985) 


ARMED  FORCES  RAOtOBtOLOGT 
RESEARCH  INSTITUTE 

j  SCIENTIFIC  REFORT 

I  SR85-33 


Behavioral  Toxicity  and  Efficacy  of  WR-2721  as  a  Radioprotectant 

V.  BoGO,  A.  J.  Jacobs,  and  J.  F.  Weiss 

Armed  Forces  Radiobiology  Research  Instituie,  Behavioral  Sciences  and 
Biochemistry  Departments,  Bethesda,  Maryland  208 1 4-51 45 

BOGO,  V.,  Jacobs,  A.  J.,  and  Weiss,  J.  F.  Behavioral  Toxicity  and  Efficacy  of  WR-2721  as  a 
Radioprotectant,  Radiat.  Res.  104,  182-190(1985). 

S-2-(3-Aininopropylamino)ethylphosphorothioic  acid  (WR-272 1 )  is  a  promising  protectant  for 
radiation-induced  lethality.  However,  treatment  with  WR-2721  also  produces  nausea,  vomiting, 
diarrhea,  and  hypotension,  which  implies  severe  functional  consequences.  Three  studies  were 
conducted  to  assess  the  effects  of  WR-272 1  on  rat  motor  performance  and  weight  and  to  assess 
the  ability  of  WR-2721  to  mitigate  the  early  performance  decrement  (PD)  produced  by  ionizing 
radiation.  In  the  first  study,  rats  trained  on  the  accelerod  motor  performance  task  were  give  200, 

300,  or  400  mg/kg  WR-272 1  intraperitoneally  (ip).  The  highest  dose  used  referenced  the  maximum 
tolerated  dose  in  the  rat,  which  is  two-thirds  the  median  lethal  dose  (590  mg/kg).  The  subjects 
were  tested  immediately  after  treatment,  at  30-min  intervals  for  3  h,  and  again  at  24  h.  All  groups 
(N  «  6/group)  demonstrated  a  significant  decrease  in  accelerod  performance  compared  to  control 
levels  across  the  eight  test  trials,  which  ranged  from  24  to  44%  in  the  200  and  400  mg/kg  dose 
groups,  respectively.  Performance  returned  to  baseline  levels  at  24  h.  Some  deaths  occurred  at 
all  dose  levels.  In  the  second  study,  motor  performance  was  measured  after  exposure  to  radiation 
alone  or  a  drug/radiation  combination  (N  =  8/group).  WR-272 1  was  administered  30  min  before 
exposure  to  1 30  Gy  of  y  radiation  from  a  “Co  source  at  a  dose  rate  of  20  Gy/min.  Rats  were 
tested  on  the  accelerod  immediately  after  WR-272 1  treatment  and  at  10,  15, 30, 60,  and  120  min 
and  24  h  following  radiation.  Performance  was  significantly  depressed  compared  to  control 
throughout  the  24  h  following  radiation  exposure,  with  and  without  WR-272 1 .  The  decrement 
produced  by  WR-272 1  and  radiation  alone  appeared  to  add  up  to  the  combined  drug/radiation 
decrement  found  over  the  IS-  to  t20-min  test  periods.  In  the  third  study  assessing  the  effects  of 
WR-272 1  on  weight,  untrained  tats  treated  with  200  or  400  mg/kg  WR-272 1  exhibited  significant 
weight  loss  that  lasted  up  to  3  days.  Weight  returned  to  pretreatment  levels  in  15  days,  and  no 
deaths  occurred.  In  summary,  the  data  suggest  that  in  the  rat  (I)  WR-2721  is  behaviorally  toxic 
at  doses  relevant  to  radioproteaion,  (2)  WR-2721  treatment  along  with  the  stress  of  motor  per¬ 
formance  may  combine  to  lower  the  level  at  which  leth^ities  occur,  (3)  WR-272 1  docs  not  protect 
for  radiation-induced  PD,  and  (4)  WR-2721  combined  with  radiation  disrupts  performance  more 
severely  than  either  radiation  or  WR-272 1  alone,  o  i9»s  A<mikmk  Pnm.  inc 

INTRODUCTION 

One  of  the  most  effective  radioprotectants  available  is  5'2-(aminopropylamino)- 
ethylphosphorothioic  acid  (WR-2721)  (/,  2).  Survival  increases  in  irradiated  animals 
pretreated  with  WR-272 1 ,  and  protection  is  afforded  to  a  variety  of  organ  systems  but 
not  the  central  nervous  system  (i,  4).  However,  little  information  exists  regarding  the 
behavioral  pharmacology  of  this  drug.  Behavioral  changes  would  be  a  concern  for 
individuals  taking  the  drug  during  either  military  operations  or  radiation  therapy. 
One  behavioral  change  of  interest  is  the  decrement  in  performance  (PD)  that  occurs 
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from  10  to  60  min  following  exposure  to  rapidly  delivered,  lethal  doses  of  ionizing 
radiation  (5.  6).  A  preliminary'  study  assessing  PD  in  monkeys  performing  a  visual 
discrimination  task  (VDT)  reported  that  WR-2721  offered  some  protection  during 
the  first  30  min  after  exposure  to  40  Gy  of  radiation  (7).  However.  PD  developed  in 
the  next  30  min.  indicating  that  protection  lasted  only  a  short  time.'  Other  behavioral 
studies  with  animals  used  the  conditioned  taste  aversion  (CTA)  paradigm'  (8.  9).  All 
studies  reported  significant  aversion  to  saccharin-flavored  water,  a  normally  preferred 
substance,  following  pairing  with  either  radiation  or  WR-2721.  Cairnie  (9)  reported 
that  CTA  was  greater  when  WR-2721  was  combined  with  radiation,  suggesting  not 
only  that  WR-272 1  offered  no  protection  for  this  behavior,  but  also  that  its  detrimental 
effects  were  additive  with  radiation-induced  CTA. 

WR-272 1  is  undergoing  clinical  testing  to  determine  its  usefulness  as  an  adjunct  in 
the  radiation  treatment  of  malignant  tumors  (4).  However,  the  clinical  testing  indicates 
that  WR-2721  has  serious  shortcomings;  its  side  effects  include  nausea,  vomiting, 
abdominal  cramps,  and  diarrhea  (4,  10.  11).  In  addition.  Wagner  ei  al.  (12)  reported 
vomiting  in  dogs  treated  with  WR-2721.  Thus  results  of  a  variety  of  research  suggest 
that  WR-272 1  can  produce  adverse  consequences  that  might  severely  disrupt  behavior. 
The  present  studies  were  carried  out  to  test  this  hypothesis  by  assessing  the  effects  of 
WR-2721  alone  and  in  combination  with  radiation  on  rat  motor  performance. 

METHODS 

Suhiects.  Subjects  were  47  adult  male  Sprague-Dawley  rats  weighing  518  ±  9  g  (mean  ±  SE).  They  were 
individually  housed  in  clear  plastic  cages  and  maintained  in  keeping  with  the  principles  enunciated  in  the 
(iuuie  lor  ilh’Carc  and  L  'sc  of  Lahoratory  .  Uiimals  prepared  by  the  Institute  of  Laboratory  .Animal  Resources. 
National  Research  Council.  Food  and  water  were  available  ad  lihiium.  Room  temperature  was  maintained 
at  22°C.  Relative  humidity  was  kept  at  60-70''; . 

I'l'st  stihstance.  W'R-2721  was  obtained  from  the  Division  of  Expenmental  Therapeutics.  Walter  Reed 
Army  Institute  of  Research,  It  was  dissolved  in  0.9';  NaCI  solution  (pH  7.2)  immediately  before  ip 
injection  at  200.  .^(X).  and  400  mg/kg  body  wi  (administered  in  I  ml/5IX)  g).  yuhas  (.0  suggests  that  this 
range  of  doses  has  clinical  applicability  in  humans. 

Tii'ik  The  accelerod  apparatus  and  procedure  have  been  described  in  detail  elsewhere  ( IJ).  Rats  were 
trained  to  maintain  position  for  as  long  as  possible  on  a  2-in.  diameter,  gradually  accelerating  rexi  elevated 
6  in.  above  a  gnd-shock  floor.  The  rotational  velocity  of  the  accelerod  increased  at  an  average  rate  of  0.9 
rev/s.  A  trial  began  with  a  subject  being  placed  on  the  stationary  rod.  and  the  trial  lasted  until  the  subject 
fell  to  the  grid  floor  below  the  accelerating  rod.  Each  training  session  lasted  from  5  to  1 5  min  (4  to  20  trials). 
This  range  of  trial  durations  w  as  necessary  to  deal  w  ith  unique  intersubject  requirements.  It  took  an  average 
of  9  training  days  for  a  rat  to  learn  the  task.  In  the  hnal  stages  of  training,  shix'k  was  given  only  for  performance 
that  lasted  less  than  .10  s.  The  task  was  scored  as  performance  duration  in  seconds.  The  average  performance 
time  achieved  before  drug  and/or  radiation  testing  was  40  ±  2  s,  with  performance  averaged  over  three 
trials/session/subject.  Testing  began  with  radiation  and/or  WR-2721  once  each  subject  was  performing 
stably  on  the  accelerod  at  or  above  25  s. 

/(•St  pnHrdurc\  PerUnontm  e  \nidy  Rats  were  injected  ip  in  the  order  of  400,  300,  or  200  mg/kg  of  WR- 
2721  (.V  6/group),  and  tested  immediately,  at  .3()-min  intervals  for  3  h,  and  al  24  h  after  treatment.  A 
subject  served  as  its  own  control:  i.e..  K’fore  '3'R-272l  treatment,  a  subject  was  injected  with  an  equal 
v  olume  of  saline  and  then  tested  as  above. 


‘  R.  W  Young,  personal  communication.  1985, 
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We  had  intended  to  conduct  the  three  WR-2721  iterations  of  200  to  400  mg/kg  and  the  combined 
radiation/WR-2721  study  with  the  same  rats  in  a  repeat-subjects  design,  i.e.,  subjects  tested  in  all  four 
conditions.  However,  additional  trained  subjects  were  necessary  because  deaths  occurred  at  all  levels  of  WR- 
2721  following  treatment  (Table  1).  Of  the  1 1  subjects  used,  two  subjects  participated  in  all  four  conditions, 
two  were  in  three  conditions,  and  one  received  two  conditions.  No  systematic  differences  in  performance 
were  noted  between  the  repeat-  and  nonrepeat-test  subjects  following  WR-2721  or  radiation/WR-2721. 
Iterations  between  treatments  were  conducted  at  an  average  interval  of  1 2  days  to  permit  clearance  of  WR- 
2721.  During  this  interval  the  rep)eat-test  subjects  were  run  every  3  days  to  maintain  performance. 

Radiatinn  Study  Prior  to  irradiation,  each  subject  was  tested  for  3  days,  simulating  the  exposure-day 
profile,  less  radiation.  The  Radiation  Study  consisted  of  a  radiation-only  group  and  a  combined  WR-272 1/ 
radiation  group  (.V  ^  8/group).  The  combined  group  received  200  mg/kg  of  WR-272 1  30  min  before  radiation. 
After  irradiation,  subjects  were  tested  at  10,  15,  .30,  60.  and  150  min  and  at  24  h. 

Study  Rats  were  tested  for  weight  change  following  treatment  with  200  or  400  mg/kg  WR-2721 
(ip)  for  up  to  20  days.  Treatment  and  control  groups  existed  at  each  dose  level  (S  -  5/group). 

Radiation  Rats  were  individually  irradiated  in  a  “Co  facility  by  1.25-MeV  y  photons,  right  side  to  the 
source,  at  a  midline  tissue  dose  rate  of  20  Gy/min.  for  a  total  cumulative  dose  of  130  Gy.  This  dose  and 
dose  rate  were  used  because  they  had  been  the  ED90  (effective  dose  at  producing  PD,  90'r  of  the  time)  in  a 
previous  study  (.''). 

Analysis  The  measure  of  accelerod  performance  was  time  spent  on  the  rotating  cylinder.  One-way  analysis 
of  variance  (A, NOVA)  was  used  to  assess  the  effects  of  treatment  and  time  in  the  Performance  and  Radiation 
Studies  {14).  t  Tests  were  also  used  to  analyze  the  drug  and  radiation  effects  compared  to  control  performance. 
A  Bonferroni  allocation  sufficient  to  each  ANOVA  and  t  test  was  in  effect  to  compensate  for  potential 
multiple  analyses  errors  {!?).  In  the  Radiation  Study,  the  initial  test  period  (40  min  after  WR-272 1  treatment 
or  10  min  after  radiation  exposure)  was  used  to  assess  PD.  1  Tests  were  used  to  analyze  the  Weight  Study 
data.  Chi-square  analysis  was  applied  to  the  lethality  findings  of  the  Performance  and  Weight  Studies. 

RESULTS 

Performance  Study.  Accelerod  performance  following  WR-272 1  treatment  is  shown 
in  Fig.  1 .  Performance  of  the  WR-272 1  conditions  are  compared  against  pretreatment 
control  performance,  as  reflected  by  0%  change  on  the  ordinate  (left  side).  The  right- 
side  ordinate  indicates  the  actual  performance  duration  in  seconds  of  the  test  trials. 

The  motor  performance  data  were  analyzed  in  two  ways  comparing  performance 
across  the  eight  test  periods  and  comparing  performance  at  each  test  period.  In  each 
comparison,  initially  one-way  ANOVAs  assessed  performance  of  only  the  treatment 
groups  followed  by  t  tests  comparing  treatment  performance  against  control  perfor¬ 
mance.  A  one-way  ANOVA  done  across  the  eight  test  periods  of  the  treatment  con¬ 
ditions  indicated  no  significant  difference  following  WR-2721.  However,  I  tests  indi- 


I  ABl  E  I 

IX’aths  Prixluccd  by  WR-2721  in  the  Performance  and  Weight  .Studies 


.NV- 


l)o\f  level 
'oiy'kyi 


Average  hour 
to  death 


.\uniher 
I ‘I  deaths 


Sionhi’i 
ol  deaths 


WR-272 1 /RADIATION  EFFECTS  ON  BEHAVIOR 


Tima  tmin) 

Fig.  1.  Accelerod  performance  of  rats  treated  with  200,  300,  or  400  mg/kg  WR-272 1  (ip).  Significant 
group  effects  o\  er  all  test  trials  compared  to  control  performance  are  shown  by  daggers  (P  <  0.02).  Significant 
trial  effects  compared  to  control  performance  are  shown  by  asterisks  (P  <  0.02). 

cated  significant  differences  when  comparing  each  treatment  condition  over  all  the 
test  periods  against  control  performance  (daggers  in  the  figure  legend).  ANOVAs  were 
done  comparing  performance  of  the  three  treatment  groups  on  each  of  the  eight  test 
periods,  but  no  significant  differences  were  found,  l  Tests  made  on  each  of  the  eight 
test  trials  comparing  treatment  and  control  performance  indicated  that  (a)  the  400 
mg/kg  group  was  significantly  below  their  own  control  performance  on  the  30- 1 80 
min  test  periods  (asterisks  in  figure),  (b)  the  300  mg/kg  group  was  significantly  below 
control  at  60  min,  and  (c)  the  200  mg/kg  performance  was  significantly  poorer  than 
control  on  the  1 50-min  test.  All  treatment  groups  returned  to  control  performance 
levels  by  24  h. 

Radiation  Study.  Figure  2  shows  performance  following  exposure  to  radiation  alone 
and  after  combined  treatment  with  WR-272 1  and  exposure  to  radiation.  The 
WR-272 1  dose  level  in  the  combined  condition  was  200  mg/kg.  The  left-side  ordinate 
indicates  the  percentage  change  from  control  for  the  dosed  groups,  and  the  right-side 
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I  Ki  2  Nccolcrod  performance  of  rats  exposed  to  1  3ri  ('■>  of  y  radiation  or  treated  with  2(K)  mg/kg  (ip) 
ol  R-272 1  and  then  exposed  to  1  .^ri  Cix  of  y  radiation.  .Significant  group  etfeeis  over  all  test  trials  compared 
lo  control  performance  are  indicated  b>  daggers  (/’  •  0.02).  Significant  tnal  eti'ects  compared  to  control 
performance  are  shown  h>  asterisks  (/’  <  0.02). 
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ordinate  indicates  performance  time  in  seconds.  Subjects  were  tested  immediately 
after  real  or  sham  (saline)  treatment  with  WR-2721  (+30  min  time  on  the  abscissa). 

The  data  shown  in  Fig.  2  were  analyzed  in  the  same  manner  as  the  Performance 
Study.  The  radiation  conditions  were  compared  across  the  seven  test  trials.  ANOVA 
indicated  no  significant  differences  across  the  test  periods  for  the  two  conditions.  / 
Tests  comparing  each  radiation  condition  against  control  performance  indicated  a 
significant  drop  in  performance  across  the  seven  test  periods  (daggers  in  the  figure 
legend).  ANOVA’s  compared  performance  at  each  test  period  for  the  two  radiation 
conditions.  Significant  differences  occurred  on  the  1 5-  and  the  1 20-min  postradiation 
periods  {P  <  0.02).  l  Tests  done  on  each  period  comparing  each  radiation  condition 
to  control  performance  indicated  that  both  radiation  conditions  were  significantly 
below  control  performance  on  all  postexposure  test  trials,  as  shown  by  the  asterisks. 

No  significant  difference  was  found  between  the  survival  times  of  the  radiation 
subjects  (mean  =  87  h,  A  =  6)  and  the  WR-272t /radiation  subjects  (mean  =  95  h, 
N  =  5).  The  number  of  subjects  assessed  for  lethality  was  smaller  (A  =  11)  than  the 
total  number  of  subjects  (A  =  16),  because  subjects  were  excluded  if  the  time  of  death 
was  uncertain. 

Weight  Study.  A  marked  weight  loss  occurred  in  all  dose  groups  following 
WR-2721  treatment  in  the  Performance  Study:  however,  weight  was  not  systematically 
studied.  A  Weight  Study  was  done  in  rats  treated  with  either  200  or  400  mg/kg 
WR-2721  or  respective  saline-control  groups  (Fig.  3).  Weights  were  measured  until 
they  returned  to  pretreatment  levels.  In  the  200  mg/kg  dose  and  its  control  group, 
weights  were  measured  on  6  different  days  (0,  1,  2,  6,  8,  and  13).  In  the  400  mg/kg 
groups,  weights  were  measured  on  10  different  days  (0.  1,  2,  3,  6.  8.  10.  13.  15.  and 
20).  Weight  averaged  561  ±  14  g  in  all  groups  at  the  start  of  the  study. 

The  data  from  the  Weight  Study  were  analyzed  with  t  tests  comparing  percentage 
change  from  the  previous  test  day  between  the  treatment  and  respective  control  groups. 
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Fici.  .V  Weight  change  of  rats  treated  with  200  or  4(K)  mg/kg  WR-2721  (ip).  Control  groups  existed  in 
which  rats  were  given  an  equal  volume  of  saline.  Signihcant  efl'ects  from  the  respective  control  group  were 
calculated  based  on  percentage  change  from  the  previous  day  and  are  indicated  bv  astensks  (/’  <  0.0.“'). 
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Based  on  this  analysis,  the  200  mg/kg  subjects  lost  significantly  more  weight  than 
controls  the  day  after  WR-272 1  treatment  (asterisk  at  closed  square).  The  200  mg/kg 
subjects  lost  more  weight  on  Day  2.  but  since  control  weights  also  decreased,  the 
difference  between  the  groups  was  not  significant.  Beyond  Day  2.  weight  increased, 
returning  to  baseline  by  Day  1 3.  The  400  mg/kg  rats  demonstrated  a  significant  weight 
loss  for  3  days  after  treatment  (asterisks  at  closed  circles).  After  Day  3.  significant 
decreases  no  longer  occurred  and  weight  returned  to  baseline  by  Day  1 5.  No  significant 
differences  existed  between  the  treatment  conditions. 

Death  did  not  occur  in  the  Weight  Study,  but  it  did  occur  in  the  Performance  Study 
at  all  dose  levels  (Table  1).  Chi-square  analysis  indicated  a  significant  difference  for 
lethality  (P  <  0.05)  in  the  200  and  400  mg/kg  dose  levels  of  the  Performance  Study 
(4  out  of  12  subjects  died)  and  the  Weight  Study  (0  out  of  10).  No  dose-response 
relationship  existed  in  terms  of  the  number  of  deaths  in  the  Performance  Study;  how¬ 
ever.  a  dose-response  relationship  did  appear  to  exist  in  terms  of  the  time  of  death; 
i.e..  survival  time  decreased  as  dose  increased  (Table  I). 

DISCUSSION 

The  present  study  is  the  first  to  describe  the  effects  of  WR-272 1  on  motor  perfor¬ 
mance.  WR-272 1  produced  decrement  in  motor  performance  at  doses  from  200  to 
400  mg/kg.  The  decrement  was  first  measured  30  min  after  treatment,  when  WR- 
272 1  offers  its  maximum  protection  against  lethality  (2).  The  magnitude  of  the  dec¬ 
rement  ranged  from  an  average  of  24%  for  all  test  periods  in  the  200  mg/kg  dose  group 
to  an  av  erage  of  44%  at  400  mg/kg.  The  decrement  lasted  for  the  initial  3  h  of  testing, 
and  recovery  was  complete  at  24  h.  In  addition,  marked  loss  of  weight  was  noted  in 
both  the  Performance  and  the  Weight  Studies.  In  the  Weight  Study,  the  magnitude 
and  the  duration  of  loss  appeared  to  be  dose  dependent  (Fig.  3).  These  studies  indicate 
that  WR-272 1  significantly  disrupted  motor  performance  and  produced  significant 
weight  loss  at  doses  suggested  as  relevant  to  radioprotection  in  humans  (2). 

One  other  study  reported  on  the  effects  of  WR-272 1  directly  on  performance  (7). 
In  this  study.  WR-272 1  seemed  to  offer  protection  from  PD  in  monkeys  performing 
the  VDT  up  to  but  not  beyond  30  min.'  However,  implications  of  this  study  are  of 
limited  value  because  it  was  only  a  preliminary  study  and  the  preparation  of  WR- 
272 1  in  use  today  is  different  from  that  which  was  available  at  the  time  when  these 
results  were  obtained.  Other  work  also  reported  the  adverse  effects  of  WR-272 1.  but 
performance  was  not  studied  directly.  For  instance.  Cairnie  (9)  and  Rabin  et  al.~ 
reported  that  WR-272 1  produced  a  conditioned  taste  aversion  for  a  normally  preferred 
substance  in  rats.  Coil  et  al.  {16)  argue  that  CTA  in  the  rat  is  a  parallel  process  to 
nausea  and  vomiting  with  regard  to  afferent  pathways  and  central  processing.  Thus, 
since  the  rat  cannot  manifest  these  gastrointestinal  (GI)  symptoms.  CTA  is  analogous 
to  the  Gl  response  in  other  species.  The  CTA  findings  agree  with  human  research  in 
which  Gl  side  effects  were  reported.  For  instance,  cancer  patients  given  WR-272 1  as 
a  radiation  therapy  adjunct  became  nauseated  and  vomited  (10).  and  normal  adults 
in  a  WR-272 1  safety-testing  study  also  demonstrated  abdominal  cramps  and  diarrhea 
( /  /).  Thus,  while  these  GI  findings  imply  that  WR-272 1  would  degrade  performance, 
prior  to  this  study  it  was  never  tested  directly,  and  the  precise  effects  were  unknown. 
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Related  research  from  this  laboratory  indicates  that  the  relationship  between  these 
GI  symptoms  and  performance  ability  is  not  as  obvious  as  it  appears.  For  instance, 
no  correlation  existed  between  episodes  of  vomiting  and  PD  in  irradiated  monkeys 
trained  to  perform  a  motor  performance  task  {17).  In  more  recent  work,  no  correlation 
was  noted  between  emesis  and  performance  in  WR-2 72 1 -treated  monkeys  trained  to 
F>erform  the  VDT.^  These  studies  suggest  that  even  though  it  is  tempting  to  speculate 
that  overt  signs  of  Gl  dysfunction  will  disrupt  performance,  it  may  be  preferable  to 
test  for  the  performance  effects  directly. 

The  deaths  produced  by  WR-272 1  treatment  alone  in  the  Performance  Study  were 
perhaps  a  more  striking  finding  here  than  the  motor  decrement  (Table  1).  The  highest 
dose  level  used  was  based  on  the  concept  of  maximum  tolerated  dose  (2.  IS),  which 
is  usually  stated  as  two-thirds  the  median  lethal  dose  (LD50).  Since  the  rat  LDso  for 
WR-272 1  has  been  reported  as  590  mg/kg  (i),  the  highest  dose  used  in  the  present 
study  was  400  mg/kg.  In  the  Performance  Study,  deaths  occurred  in  all  dose  groups; 
however,  no  deaths  occurred  in  the  Weight  Study,  which  suggests  that  lethality  was 
produced  by  the  added  stress  of  accelerod  performance.  The  added  stress  may  have 
been  a  product  of  (a)  motor  activity,  presumably  because  the  subjects  were  required 
to  work  after  treatment  rather  than  rest,  as  is  normally  true,  (b)  an  increased  number 
of  shocks  delivered  following  treatment  since  performance  fell  below  the  minimal 
performance  level  of  30  s,  or  (c)  a  combination  of  the  two.  In  addition,  if  the  present 
synergistic  effect  is  real  and  generalizable  to  other  toxins,  and  if  a  measure  of  toxicity 
in  terms  of  lethality  is  of  interest  beyond  the  resting  state,  the  current  findings  imply 
that  performance  assays  should  be  part  of  any  initial,  acute  toxicity  screen. 

The  objective  of  the  WR-272 1 /radiation  study  was  to  determine  if  WR-272 1  given 
.30  min  prior  to  irradiation  could  mitigate  PD  assessed  10  min  later.  WR-272 1's  po¬ 
tential  as  a  prophylactic  for  lethality  was  reported  over  20  years  ago.  and  considerable 
research  has  been  conducted  during  that  time;  however,  only  one  study  dealt  with  PD 
(7).  The  present  data  indicate  that  WR-272 1  offered  no  protection  from  radiation- 
induced  motor  performance  PD  for  the  rat.  As  shown  in  Fig.  2.  the  combined  condition 
performance  40  min  after  WR-272 1  (10  min  after  radiation)  was  the  same  as  the 
radiation-only  condition,  i.e..  70  to  80'f  below  baseline.  While  the  WR-272 1 /radiation 
subjects  remained  60'r  below  baseline  for  the  entire  24-h  test  period,  the  radiation 
condition  showed  some  recovery  ,  to  30-40'7  of  baseline  at  the  15-min  test  period. 
Further,  testing  bey  ond  24  h  was  not  conducted  in  the  radiation  iterations  even  though 
the  subjects  lived  another  3  days  because  the  subjects  were  so  debilitated. 

Another  interesting  point  about  performance  effects  can  be  made  by  comparing  the 
radiation  data  in  Fig.  2  with  the  200  mg/kg  WR-272 1  data  in  Fig.  1 .  The  overall  post¬ 
treatment  decrement  of  the  WR-272 1  subjects  in  Fig.  I  and  the  postradiation  decrement 
of  the  radiation-only  subjects  (Fig.  2)  equal  the  postradiation  decrement  of  the  com¬ 
bined  condition  (Fig.  2),  i.e..  20'’;  (WR-2721)  plus  40'’;  (radiation)  equals  60'';  (com¬ 
bined  condition).  Cairnie  (V)  reported  a  similar  finding  when  assessing  the  effects  of 
WR-2721  and  radiation  on  the  CTA  paradigm.  The  important  point  in  the  present 
radiation  study  w  as  that  rather  than  act  as  a  protectant,  the  combination  of  WR-272 1 
and  radiation  made  performance  worse  than  either  condition  alone. 
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No  difference  existed  in  the  survival  times  of  the  radiation  subjects  and  the 
WR-2721 /radiation  subjects;  thus  WR-2721  did  not  protect  against  lethality,  one  of 
its  stated  benefits  (2).  The  lethality  finding  was  not  unexpected,  since  the  aim  of  this 
study  was  to  determine  if  WR-2721  could  protect  against  PD.  Previous  work  in  our 
laboratory  showed  that  130  Gy  was  the  90'?  PD-effect  level  for  accelerod-trained 
subjects  exposed  to  7  radiation  (5).  The  maximum  dose  reduction  factor  for  lethality 
offered  by  WR-2721  is  reported  as  2.7  in  the  mouse  (2).  Since  the  rat  LDsd/.w  is  about 
6  Gy  (/9).  the  level  of  radiation  used  here  was  well  above  any  potential  protection 
from  lethality  that  WR-2721  could  offer.  We  plan  to  conduct  a  study  assessing  motor 
performance  changes  following  a  sublethal  dose  of  radiation  in  the  rat  to  look  at  the 
lethality-prophylactic  ability  of  WR-2721.  In  the  present  study,  while  the  WR-2721/ 
radiation  combination  did  not  extend  life,  at  least  WR-2721  combined  with  radiation 
did  not  kill  rats  sooner  than  radiation  alone,  making  the  situation  worse  as  was  the 
case  with  the  Performance  Study. 

ACKNOWEEtXiMENTS 

the  authors  thank  ('.  A.  Boward  and  G.  G.  Kesscll  lor  their  expert  technical  assistance  in  training  and 
testing  the  subjects.  We  also  thank  E,  J.  Golightly  for  the  exposure  of  the  subjects.  This  research  was  supported 
b\  the  Armed  Forces  Radiobiologx  Research  Institute.  Defense  Nuclear  Agency  (DN.A).  under  research 
work  unit  MJ  (XXIdb  Views  presented  in  this  paper  are  those  of  the  authors;  no  endorsement  by  DN.A  has 
been  given  or  should  he  inferred. 

Rf CFIVED;  February  25,  1985;  revised;  June  25.  1985;  re-REV1sed:  July  16.  1985 

REFERENCES 

/  D  E.  D  vviosos.  M.  M.  CiRI  nas.  and  T.  R.  .^wi  i  nkv  .  Biological  charactenstics  of  some  improved 
radioprotectors.  In  Radiaium  Senutizcrs  Tlwir  L'se  in  ///<’  Cliniail  Manutiicim'ni  ol  (.  'umvr  (L,  W. 
Brady.  Ed  )  Masson.  New  A  ork.  1980. 

:  J  M.  A  IHAS  and  J.  B.  SrORf  R.  Chemoprotection  against  three  modes  of  radiation  death  in  the  mouse. 
Ini  ,/  Kchluil  Hk’I  15.  :.G-2.17  (1969). 

i  J  M,  AT  ti  vs.  On  the  potential  application  of  radioprotective  drugs  in  solid  state  radiotherapy  .  In 
Riuhiilifin-Drui;  Inwriuiums  in  (.  aihcr  t/iiiKrei'mcnr  (Ci.  Sokol,  lid  ).  Wiley.  New  A  ork.  1980. 

■I  1 .  1  .  Poll  I  P’S.  Rationale  for  initial  clinical  trials  and  future  development  of  radioprotectors.  In  Riuluition 
St’n\Ui:t'r\  rih’ir  I  sc  in  ihciliniail  Mnnui;i‘incnl  nl  C  uihcr  (I  W.  Brady,  lid  ).  Masson.  New  A'ork. 
1980 

.'  \  .  Bixio.  Comparative  etfects  of  bremsstrahlung.  gamma,  and  electron  radiation  on  rat  motor  perfor- 

rrrance  I’rci  ccdimis  ol  l/w  \inih  Svniposiuni  ol  l\\chi>lo\;v  in  the  Dcparlincni  ol  Ihiciisc.  pp.  68- 
’2.  1984, 

n  V  BiXiO.  I  fleets  of  bremsstrahlung  and  electron  radiation  on  rat  motor  performance  Rtu/uil  Rt'\  100, 
.M  4-420  (1984). 

(1  It  RHVllll.  R  W.  A  (It  N(>.  and  V  .  A.  Kl  n  l  ir.  Radiation  attenuating  ellects  of  2-(n-dccylamino) 
cthancthiosullunc  acid  (WR16()7)  and  S-2-(4-aminopropylamino)  ethyl  phosphorothioic  .jcid 
(W  R272  1 1  (W  R272 1  Af  chemical  number  Al '-9.st22)  in  the  monkey .  RmIuii  Res  51,492(1972). 
( Abstract  I 

.V  1  1  Ci  vsi  t  K. I  R.  Behavioral  assay  of  a  radioprotective  agent.  Rw(/i<P  Res  47,  298  ( 1 9"  i )  |  Abstract] 

V  A  B  (  vlRMi.  Adverse  etfects  of  the  radioproteclor  W  R272 1  Rndu/l  R<  s  94,  22 1 -22fi  1 1 984) 

In  MM  Kl  K.t  RM  vs.  D  J  (it  ov  1  R.  A  r  1 1  rrisi.  A  1  .  Nori  1 1 1  i .  .1  M  AT  ti  vs.  1  R.  Cot  \,  (  . 
SiMust .  .1  If  fit  i(  K,  and  R  I  .  (kxidmvn.  loxicitv  of  W  R-2’21  administered  in  single  and  multiple 
doses  /lit  /  RiiJuil  Oihol  liiol  /’/in  10,  I  ■’7A- I ■'7(1  ( 1  P84) 

11  A  W  ( Vi  RWissKl.  A  B  (7t  RWiNSKI.  M  1  Cl  vRK.  and  11  WTnisi  l  i,  I  DoiiHe  Rloul  (.  ompanson 


190 


BOGO,  JACOBS.  AND  WEISS 


I'/  Placchd  and  \\  R-2'2I  .1/:'  in  Sormal  .Idult  \'i>lunlccrs  Report  No.  MCA  U.  S.  Army 
Medical  Research  and  Development  Command.  Washington.  DC.  1972. 

12  M.  Wagner,  H.  Sedi  meier.  T.  Wlstrow,  and  O.  Messerschmidt.  Untcrsuchungen  lu  toxizitat 
und  strahlenschutzeffekt  derchemischen  slrahlenschut/substanz  WR  2721  bei  bcagle-hunden.  Sirah- 
Icniltcnipic  156.  486-491  ( 1980). 

12.  \  .  BociO.  T.  A.  Hu  e,  and  R.  W.  Yoi  ng,  Companson  ot'accelerod  and  roiarod  sensitivity  in  detecting 
ethanol-  and  acrvlamide-induced  performance  in  rats:  Review  of  e.xpenmental  considerations  of 
rotating  rod  systems.  .Wiiro/ov/i I'/ot,'!'  2,  765-787  (1981). 

14  B,  J.  V5'iner.  Suilf^luul  Principk'^  in  Pxpt’rinifnltd  /An/en  .McGraw-Hill.  New  N  ork.  1962. 

R.  G.  Mu  1  ER,  Jr..  Sinutlliinciiiis  .Suiii'~lual  tnU’icruc.  p.  8.  Spnnger-Verlag,  New  N'ork.  1981. 

/6  J.  D.  Coil ,  R  C.  Rogers,  J.  Ciarc  ia,  and  [J  Nov  is.  Conditioned  taste  aversions;  Vagal  and  circulatory 
mediation  of  the  toxic  unconditioned  stimulus.  IMutv  Hml  24,  509-5  19  ( 1978). 

12  C.  G.  Franz,  Effects  of  mixed  neutron-y  total-body  irradiation  on  physical  activity  performance  of 
rhesus  monkeys.  RuiJitU  Rix  101,  454-441  ( IU85) 

/.V  J.  M.  >  i  HAS.  Radioprotective  and  toxic  ctlccts  of  .S-2-(.J-Aminopropylamino)-acid  fV\  R-2721 )  on  the 
development  of  immunocompetent  cells  (  <7/  hntnunul  4,  256-26.5  (1972). 

/9  P.  Kl  N.A.  K.  VoLENEC,  I.  Vgdr  ka.  and  M  Dixsi  ai.  Radioprotective  and  hemixJy  namic  effects  of 
WR-2721  and  cystaminc  in  rats:  Time  course  studies.  Scoplasnui  30,  349-557  ( 1985). 


1 


Reprinted  from  American  College  of  Surgeons  1985  Surgical  Forum 


COMPARISON  OF  THE  EFFECTS  OF  SOLUBLE  AND 
PARTICULATE  FORMS  OF  GLUCAN,  AN 
IMMUNOMODULATOR,  ON  PROSTAGLANDIN  SYNTHESIS 
BY  RAT  PERITONEAL  MACROPHAGES 

Gary  J.  Bowers,  MD,  Myra  L.  Patchen,  PhD,  Thomas  J. 

MacVittie,  PhD,  Erwin  F.  Hirsch,  MD,  FACS,  and 

Mitchell  P.  Fink,  MD 

GLUCAN,  AN  IMMUNOMODULATOR  derived  from  the  yeast  Saccha- 
romyces  cervesiae,  exists  in  two  preparations,  particulate  (glu-P)  and  sol¬ 
uble  (glu-F).  Both  preparations  enhance  host  antibacterial  and  antineoplastic 
resistance  (2).  Unlike  glu-F,  glu-P  is  associated  with  granulomatous  re¬ 
actions  within  the  reticuloendothelial  system  (RES)  (3)  and  endotoxin 
sensitivity  ( 1 ).  Since  some  of  the  adverse  effects  of  glu-P  may  be  mediated 
by  prostaglandins  (PGs),  we  compared  the  effects  of  glu-P  and  glu-F  on 
PG  production  by  rat  peritoneal  macrophages  (PM0s), 

MATERIALS  AND  METHODS 

Resident  PMos  were  incubated  (10^  cells/well)  in  minimum  essential 
medium  (MEM)  at  37°C.  After  two  hours,  cells  were  washed,  then  stim¬ 
ulated  for  five  hours  with  various  concentrations  of  glu-P  or  glu-F  in  MEM 
(1.0  mL/well).  Concentrations  of  immunoreactive  (i)  thromboxane  (Tx) 
Bi  (stable  metabolite  of  TxA?)  and  i6-keto-PGF|„  (stable  metabolite  of 
PGL)  were  measured  in  culture  supernatants  by  radioimmunoassay.  Pro¬ 
tein  content  of  the  PMo  monolayer  was  determined  using  Bio-Rad.  Pros¬ 
tanoid  concentrations  per  microgram  of  protein  were  calculated,  and  the 
results  were  expressed  as  mean  percentage  i%)  change  ±  standard  error 
vs  control  (ie,  no  glucan).  Differences  between  the  groups  were  assessed 
by  two-way  analysis  of  variance,  with  drug  and  dose  as  independent  sources 
of  variation. 

RESULTS 

Glucan  stimulation  did  not  alter  viability  of  the  PMos  (trypan  blue 
exclusion).  Glucan  P  and  F  stimulated  synthesis  of  PGs.  As  shown  in 
Table  1 ,  iTxB2  increased  with  increasing  doses  of  both  drugs,  glu-P  being 
the  stronger  agonist.  The  concentration  of  i6-keto-PGF|„  in  supernatants 
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also  increased  with  larger  glucan  doses,  but  there  was  no  difference  in  the 
effect  of  the  two  preparations. 

DISCUSSION 

Glucan-P,  but  not  glu-F,  evokes  granuloma  formation  within  the  major 
RES  organs,  consisting  of  hypertrophic  and  hyperplastic  macrophages  (Mps) 
(2.3).  Cotreatment  with  indomethacin  attenuates  glu-P-induced  granulo- 
mogenesis  while  not  interfering  with  ingestion  of  glu-P  by  Mps  (3).  These 
data  suggest  a  role  for  PGs  in  the  pathogenesis  of  glu-P-induced  granu¬ 
lomas.  We  showed  PG  release  by  glucan-stimulated  PMps  depends  on  the 
preparation  of  glucan  employed.  This  observation  may  help  explain  why 
glu-F  does  not  induce  granuloma  formation. 
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Enhanced  Activity  of  the  Macrophage-Like 
Cell  Line  J774.1  Following  Exposure  to 
Gamma  Radiation 


Elaine  K.  Gallin,  Spencer  W.  Green,  and  Paul  A.  Sheehy 
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Bethesda,  Maryland 

Exposure  of  the  macrophage-like  cell  line  J774.1  to  20  gray  of  cobalt-60 
gamma  radiation  resulted  in  a  block  of  thtiated  thymidine  incorporation,  along 
with  an  increase  in  cell  “activation,”  as  assessed  by  increases  in  lysosomal 
enzyme  and  ectoenzyme  content,  PMA-induced  H202  production,  and  NBT 
staining,  ingestion  of  E(lgG),  spreading,  and  membrane  ruffling.  These  changes 
are  evident  within  1  day  postradiation  and  peak  at  4  days  postradiation. 

Key  words;  gamma  radiation,  macrophage,  J774.1  cells,  hydrogen  peroxide 
INTRODUCTION 

It  is  well  known  that  macrophages  can  exist  in  various  states  of  activation,  as 
assessed  by  their  secretory  capacity,  oxidative  burst  in  response  to  stimuli,  or  cyto¬ 
toxic  ability  (91 .  Their  state  of  activation  is  influenced  by  in  vivo  factors,  and  it  can 
also  be  modulated  in  vitro  by  exposure  to  a  variety  of  stimuli.  Both  lipoptTlysacchar- 
ides  (LPS)  and  gamma  interferon  enhance  macrophage  activation,  by  priming  cells 
so  that  their  oxidative  response  to  subsequent  stimuli  is  increa.sed  (8.ll|,  whereas 
tumor-cell-conditioned  medium  decreases  the  production  of  oxidative  prcxlucts  by 
macrophages  ( 16|. 

Just  as  with  primary  macrophages,  the  properties  of  some  macrophage-like  cell 
lines  can  be  mexlified  by  changes  in  growth  cr'nditions  or  by  the  addition  of  stimula¬ 
tory  factors  14,5,171.  For  example,  the  macrophage-like  cell  line  J774  derived  from  a 
murine  reticulum  sarcoma  is  much  more  cytotoxic  when  grown  as  an  ascites  tumor 
than  when  cultured  in  vitro  114],  and  addition  of  lipiTpolysaccharide  to  the  culture 
medium  increases  the  release  irf  interleukin  I  and  prostaglandin  Et  by  J774  cells 
16.10.151. 
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In  this  paper  we  reptirt  that  exposure  of  J774. 1  cells  to  doses  of  gamma  radiation 
that  inhibit  the  incorporation  of  thymidine  results  in  an  increase  in  activation,  as 
assessed  by  a  variety  of  functional  parameters,  including  an  increase  in  HiOi  release 
in  response  to  phorbol  myristate  acetate.  Radiation  may  therefore  be  a  useful  t(X)l  for 
studying  J774  cells  in  different  states  of  activation. 

MATERIAI.S  AND  METHODS 
Cells 

J774.I  cells  obtained  from  the  American  Type  Culture  Collection  were  main¬ 
tained  in  spinner  culture  in  tissue  culture  medium  (TCM)  containing  RPMI-I64() 
(Flow  Labs.  McLean,  VA),  supplemented  with  10  unils/ml  penicillin.  10  /ig/ml 
streptomycin  (DIFCO  Labs,  Detroit,  Ml),  0.0391  L-glutamine  (Sigma.  St.  Louis. 
MO),  and  5%  fetal  bovine  serum  (HyClonc  Labs,  Logan,  UT).  Cells  to  be  used  in 
experiments  were  either  cultured  in  Teflon  di.shes  so  that  they  could  be  harvested 
easily  or  plated  on  tissue  culture  dishes.  Control  cells  and  irradiated  cells  were  plated 
at  the  .same  concentrations  and  were  maintained  under  identical  conditions  in  a  37°C 
5%  C02-959(  air  incubator  for  the  duration  of  the  studies.  Irradiation  was  performed 
bilaterally  using  a  cobalt-60  radiation  source  (5  gray/min)  on  cells  1  h  after  plating 
on  tissue  culture  dishes  or  cells  suspended  in  Teflon  jars. 

'H-Thymidine  Uptake 

Cells  were  washed  twice  with  phosphate-buffered  saline  containing  calcium  and 
magnesium  (PBS)  (GIBCO,  Grand  Island.  NY),  and  incubated  for  I  h  in  TCM 
containing  5  ^C/ml  ^H-thymidine.  They  were  then  washed  three  times  with  PBS. 
incubated  for  1  h  in  TCM  containing  0. 1  mM  cold  thymidine  to  remove  nonspecill- 
cally  bound  'H-thymidine,  and  washed  three  times  with  PBS.  The  washed  cells  were 
lysed  with  0.2%  Triton  for  I  h,  and  the  cell  lysate  was  assayed  for  tritium  and 
protein.  Results  were  expressed  as  'H  uptake  per  milligram  of  cell  protein. 

Cell  Protein  and  Adherence 

Control  and  irradiated  cells  were  cultured  in  Teflon  jars  at  approximately  O.-S  x 
10^  cells/ml.  On  days  2  and  4  postradiation,  cells  were  harve.sted  and  counted,  and 
the  cell  protein  was  determined.  Proteins  were  determined  by  the  Bradford  methcxl 
using  a  Bio-Rad  assay  kit  (Rockville  Centre.  NY)  with  bovine  plasma  albumin  as  the 
.standard.  Data  were  expressed  as  protein  per  cell. 

The  ability  of  cells  to  adhere  to  tissue  culture  dishes  was  assessed  by  plating 
cells  grown  in  Teflon  di.shes  on  tissue  culture  plates  for  1  h,  after  which  time  the 
dishes  were  washed  twice  with  PBS  to  remove  non-adherent  cells.  Adherent  cells 
were  ly.sed  with  0.2%  Triton,  and  the  protein  in  the  cell  lysate  was  measured.  The 
total  protein  in  the  cell  suspension  initially  added  to  the  dishes  was  measured,  and  the 
percentage  of  total  protein  remaining  adherent  to  the  culture  dish  was  determined. 

Phagocytosis 

Bovine  red  blixxl  cells  (E)  were  op.sonized  with  a  subagglutinating  titer  of 
antibovine  red  bkxxi  cell  IgG  (Cappel  Laboratories.  Cochranville.  PA).  E(lgG)  were 
incubated  with  srxlium  chromate  Cr-51  (New  England  Nuclear.  Boston,  MA)  in 
RPMI  1640  at  approximately  250  /iCI/lO'^  E(lgG)  for  1  h  at  37°C.  followed  by  four 
wa.shes  with  RPMI  1640  to  remove  the  free  Cr-51 . 
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Cr-51 -labelled  E(IgG)  were  added  to  adherent  J774,l  cells  at  a  100:1  ratio  of 
E(IgG)  to  J774. 1.  The  number  of  J774. 1  cells  per  dish  was  estimated  by  counting  the 
number  of  cells  in  three  different  low-power  fields.  Dishes  were  incubated  for  I  h  at 
37°C  in  a  5%  C02-95%  air  atmosphere,  at  which  time  cells  were  washed  with  PBS 
and  hypotonically  ly.sed  with  0.2%  NaCI  for  30  sec  to  lyse  all  unphagocytized  Cr-51 
E(lgG).  Plates  were  then  washed  twice  with  PBS,  cells  were  lysed  with  1  ml  of  0.2% 
Triton  X-100  for  1  h,  and  cell  lysates  were  counted.  Paired  dishes  not  fed  E(lgG) 
were  used  to  determine  the  protein  content  in  each  experimental  group.  The  Cr-51 
content  per  E(IgG)  was  determined,  and  data  were  expressed  either  in  terms  of 
E(IgG)/cell  or  E(IgG)/mg  protein. 

En/ymc  As.says 

/3-Glucuronida.se  levels  were  determined  by  measuring  the  change  in  absorbance 
following  the  conversion  of  phenophthalein  glucuronic  acid  to  phenophthalein  and 
glucuronic  acid.  Levels  of /3-glucuronidase  were  measured  from  cell  lysates  obtained 
from  a  1-h  incubation  in  0.2%  Triton  X-100  and  expres.sed  as  nM  of  substrate  turnover 
per  milligram  of  cell  protein  per  hour. 

The  cctoenzymes  5 '-nucleotidase,  alkaline  phosphodiesterase,  and  leucine  ami- 
nopeptidase  were  assayed  as  previously  described  (71.  Samples  for  assays  were 
prepared  by  lysing  adherent  cells  with  0.05%  Triton  X-100  for  15  min  at  4°C. 
Catalase  activity  was  measured  on  cell  fractions  obtained  by  .scraping  off  adherent 
cells  and  sonicating  them  on  ice  for  40  .sec.  Cell  .sonicates  were  then  assayed  for  their 
ability  to  break  down  HiOi  by  following  the  destruction  of  spectrophotometri- 
cally  at  230  nm  (I).  Lysozyme  levels  were  measured  spectrophotometrically  by 
measuring  the  lysis  of  Micrococcus  lystxliekticus.  Lactic  dehydrogenase  (LDH)  levels 
were  assayed  spectrophotometrically  by  following  the  consumption  of  NADH  during 
the  conversion  of  pyruvate  to  lactate.  The  LDH  released  into  the  medium  was 
expressed  as  a  percentage  of  the  total  cellular  LDH. 

Nitro-Blue  Tetrazolium  Staining 

Cells  were  placed  in  PBS  containing  10  mM  glucose.  One  /xg/ml  of  PMA  was 
added  to  half  the  dishes.  After  a  1-h  incubation  at  37°C.  nitrobluc  tetrazolium  (NBT) 
was  added  to  the  dishes  to  give  a  final  concentration  of  0.05%  .  Following  a  30-min 
incubation  at  37°C,  dishes  were  washed  three  times  with  PBS  and  fixed  with  Diff- 
Quik  fixative  (Haricco,  Gibbstown.  NJ).  Cells  were  observed  at  250  x  and  scored 
positive  if  they  contained  blue  grains. 

HjOj  Assay 

J774. 1  cells  adherent  to  tissue  culture  dishes  were  washed  twice  with  PBS  and 
exposed  to  2  ml  of  reaction  mixture  containing  PBS,  10  mM  D-glucose,  b  purpuro- 
gallin  units/ml  of  horseradish  peroxidase  (Sigma  type  11).  and  varying  amounts  (5-40 
nmoles/ml)  of  scopoletin  (Sigma,  .St.  Louis.  MO).  Concentrations  of  scopoletin  were 
selected  so  that  ^  60%  was  oxidized.  Phorbol  myrislate  acetate  (PMA)  at  1  gg/ml 
(Consolidated  Midland  Corp.,  Brewster.  NY)  was  added  to  half  the  cultures.  Cells 
were  incubated  at  37°C  in  5%  C02/y5%  air  for  1  h.  at  which  lime  the  reaction 
mixture  was  removed  and  placed  in  clean  test  tubes.  HiO^  release  was  determined  by 
measuring  percent  decrease  in  tluorescence  using  PBS  and  the  reaction  mixture  to  set 
the  0%  and  l(X)%  tluorescence.  respectively.  A  standard  curve  was  obtained  by 
adding  known  amounts  of  ethyl-H^O^  (Poly sciences,  Warrington,  PA)  to  the  reaction 
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mixture  and  observing  the  subsequent  decrease  in  fluorescence.  In  some  studies 
Escherichia  coli  lipopoly.saccharide  (LPS)  (List  Biological,  Campbell,  CA)  was  added 
to  cell  cultures  12  h  prior  to  the  H2O2  as.say. 

RESULTS 

Tritiated  Thymidine  Uptake 

The  effect  of  radiation  on  the  replicating  ability  of  J774  cells  was  assayed 
indirectly  by  measuring  the  uptake  of  thymidine.  Adherent  J774  cells  were  exposed 
to  varying  doses  of  radiation,  and  ^H-thymidine  uptake  was  measured  at  2,  3,  and  6 
days  postradiation.  Figure  I  shows  thymidine  uptake  data  from  cells  at  2  days 
postradiation  as  a  function  of  radiation  dose.  The  data,  expressed  as  percentage  of 
thymidine  uptake  of  nonirradiated  cells,  demonstrate  that  increasing  do.ses  of  radiation 
progressively  decreased  the  uptake  of  tritiated  thymidine.  At  doses  of  20  gray  or 
greater,  the  uptake  of  thymidine  was  reduced  to  background  levels,  indicating  that 
DNA  .synthesis  was  negligible.  Similar  data  were  obtained  on  days  3  and  6  postradia¬ 
tion,  indicating  that  the  block  in  DNA  synthesis  was  irreversible.  The  radiation  dose 
of  20  gray  was  chosen  for  most  of  the  sub.sequent  experiments  since  it  was  the  lowest 
dose  of  radiation  tested  that  completely  blocked  thymidine  uptake. 

Cell  Survival 

To  determine  whether  exposure  to  20  gray  killed  a  significant  number  of  cells, 
the  percentages  of  total  LI3H  released  into  the  supernatant  in  cultures  of  irradiated 
cells  and  control  cells  were  measured  at  1  and  2  days  po.stradiation.  Between  8  and 
13%  of  the  total  LDH  was  released  into  the  .supernatant  in  both  control  and  radiated 
di.shes  on  days  1  and  2  postradiation,  indicating  that  exposure  to  20  gray  did  not 
produce  a  significant  increa.se  in  cell  death.  In  addition,  cell  counts  determined  over 
4  days  postradiation  indicated  that  the  number  of  cells  in  the  cultures  was  stable. 
Irradiated  cultures  could  be  maintained  for  2  wk  or  longer,  and  although  cell  counts 
were  not  done  over  this  time  period,  cultures  appeared  stable  and  healthy. 

Cell  Size,  Morphology,  and  Adherence 

The  change  in  cell  size  following  expo.sure  to  20  gray  was  determined  indirectly 
by  measuring  the  protein  content  and  the  cell  numbers  of  btnh  irradiated  and  control 
cells  cultured  in  Teflon  jars.  As  shown  in  Figure  2,  the  protcin/cell  for  irradiated  cells 
increased  significantly  with  time,  so  that  by  day  6  postradiation.  irradiated  cells  had 
2..*>  times  more  protein/ccll  than  did  control  cells. 

In  addition  to  being  larger  than  control  cells,  irradiated  cells  were  morphologi¬ 
cally  distinct  (Fig.  3).  Two  days  after  exposure  to  20  gray,  cells  were  more  spread 
and  vacuolated  than  were  control  cells.  In  addition,  their  membranes  were  much 
more  ruffled.  The  irradiated  cells  maintain  this  appearance  for  the  duration  of  the 
culture  period  (2  wk  or  longer). 

The  ability  i)f  cells  to  adhere  to  tissue  culture  dishes  was  examined  by  culturing 
irradiated  cells  and  control  cells  in  reflon  jars  for  both  2  and  6  days  and  then  plating 
them  on  tissue  culture  dishes.  Following  a  1-h  incubation,  dishes  were  washed 
vigorously  and  the  adherent  protein  measured.  Greater  than  90%  of  the  total  cellular 
protein  added  to  the  dishes  remained  following  vigorous  washing  in  both  control  and 
irradiated  cells,  indicating  that  the  adherence  of  irradiated  cells  was  indistinguishable 
from  control  cells  at  2  and  b  days  pt)stradiation. 
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Fig.  1.  Uptake  of  'H-thymidine  as  a  function  of  radiation  dose.  Irradiation  was  performed  2  days 
before  thymidine  uptake.  Data  are  expressed  as  percentage  of  thymidine  uptake  of  control  cells  (nonir- 
radiated).  and  represent  mean  +  SEM  of  10  measurements. 


Time  Postirradiation  (Days) 


Fig.  2.  Protein  content/cell  for  control  cells  (open  bars)  and  irradiated  cells  (shaded  bars)  a(  2,  4.  and 
b  days  postradiation.  Data  repre.senl  mean  ±  SEM  of  12  different  nicasuremenis. 


Enzyme  Content 

The  cellular  levels  of  0-glucuronidase,  catalase,  and  the  ectoenzymes,  5'- 
nucleotidase,  alkaline  phosphtxliesterase  (APD),  and  leucine  amino  peptidase  (LAP) 
were  measured  in  both  control  and  radiated  J774. 1  cells  at  2  and  4  days  after  exposure 
to  20  gray.  The  level  of  lysozyme  released  into  the  supernatant  was  also  monitored. 
The  data  expres.sed  in  terms  of  cell  protein  are  summarized  in  Table  I;  they  indicate 
that  radiation  exposure  significantly  (P  >  .01)  increa.sed  the  0-glucuronidase,  APD. 
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TABLE  1.  Effect  of  Radiation  on  Enzyme  Content _ _ _ _ 

_ ^Day  2  Day  4 


Control 

20  Gray 

Control 

20  Gray 

d-Glucuronidasc"' 

5.53  ±  66 

1.024  +  ±25 

592 

±  34 

1.214  ±  73 

(nM/h/mg  protein) 

Lysozyme’’ 

9.6  ±  3.4 

20.8  ±  2.3 

11.3 

±  1.2 

.35,1  ±  3,6 

(»ig/mg  protein) 

Catalase" 

1.6  +  0.07 

2.6  +  0.1 

1.7 

±  0.06 

2.9  ±  0.1 

(U/mg  protein) 

Alkaline  phosphixliesterase" 

3.4  +  0.7 

7.0  ±  0.9 

4.7 

±  0.6 

9.7  ±  1.6 

(nmoles/min/mg  protein) 
Ix’ucine  ammo  peptidase" 

42.1  +6 

62.5  ±  8 

51.7 

±  7 

85.5  ±  13 

(nmolcs/min/mg  protein) 


■'Cellular  conlcnt.  Mean  ±  SE  of  12  u>  15  different  measurements. 

^Lyso/yme  aeeumulaled  in  supernatant  during  indieated  eulture  period.  Su(\.'rnalant  harvested  and 
nteasured  at  48-h  lime  periods.  Mean  ±  SF.  of  20  mea.suremenis. 


LAP.  and  catalase  content  and  the  release  of  lysozyme  by  J774.1  cells.  5'-Nucleoti- 
dase  was  undetectable  in  both  control  and  irradiated  cultures.  Lysozyme  release  over 
the  first  2  days  postradiation  doubled  and  then  tripled  by  day  4.  The  cellular  levels  of 
^-glucuronidase.  APD.  and  catala.se  content  in  the  cells  also  doubled  at  day  2  but 
showed  little  or  no  additional  increase  on  day  4.  The  LAP  levels  increased  by  66% 
on  day  2  and  showed  no  additional  increase  on  day  4. 

In  order  to  determine  the  relationship  between  radiation  dose  and  the  increase 
in  enzyme  content,  cells  were  exposed  to  varying  doses  i)f  gamma  radiation  and 
cellular  /^-glucuronidase  levels  measured  on  days  2  and  4  posiradiation  (Fig.  4). 
There  was  a  dose-dependent  relationship  between  the  increase  in  /3-glucuronidase  and 
radiation,  with  doses  of  radiation  as  low  as  2..‘>  gray  having  a  significant  effect.  The 
/i-glucuronidase  content  of  the  cells  exposed  to  20  and  30  gray  was  slightly  higher  (P 
^  .O.*))  on  day  4  than  on  day  2.  but  the  levels  of /3-glucuronida.se  peaked  at  the  same 
radiation  dose  (20  gray)  on  both  days. 

Phagocytosis 

Initially  the  ability  of  bttth  irradiated  and  control  J774.I  cells  to  ingest  L(IgG) 
was  assessed  visually  on  adherent  cultures.  Greater  than  95%  of  the  cells  in  both 
cultures  were  phagocytic.  To  quantitate  more  accurately  the  number  of  E(lgG) 
ingested  by  btnh  groups  of  cells,  the  uptake  of  Cr-51-labeled  E(IgG)  was  measured. 
The  time  courses  of  the  uptake  of  E(lgG)  in  both  control  cells  and  cells  exposed  to  20 
gray  4  days  before  are  shown  in  Figure  5.  Both  gniups  of  cells  were  plated  4  days 
before  the  assay  at  the  same  density  and  fed  every  2  days.  The  data  are  expressed  in 
terms  of  E(IgG)/cell  and  in  E(IgG)/mg  cell  protein.  The  uptake  of  E(IgG)  plateaued 
by  .30  min  for  both  control  and  irradiated  cells.  Irradiated  cells  ingested  more  than 
four  times  as  many  E(IgG)/cell  as  did  control  cells  (Fig.  5a).  When  the  data  were 
expressed  in  terms  of  cell  protein,  (he  irradiated  cells  still  showed  signiUcantly  more 
phagiK-ytosis  than  did  the  control  cells,  although  the  difference  between  the  groups 
was  slightly  reduced  (Fig.  5b).  Therefore,  even  when  the  increase  in  cell  size  is  taken 
into  account  by  expressing  the  data  in  terms  of  cell  protein,  the  irradiated  cells 
ingested  more  E(IgG)  than  did  the  control  cells. 
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Fig.  4.  ^'Glucuronidase  content  of  cells  as  a  function  of  radiation  dose.  Measurements  were  made 
within  2  (•)  or4  (O)  days  postradiation.  Data  are  mean  ±  SEM  of  eight  different  measurements. 


Fig.  5.  Time  course  of  uptake  of  E(lgG)  by  control  cells  (dashed  line)  and  irradiated  cells  (20  gray) 
(solid  line)  at  4  days  postradiation.  E(lgG):J774. 1 ,  ratio  100: 1.  Mean  ±  SEM  of  6  mea.surcments.  a)  Data 
are  expressed  E(IgG)/cell;  b)  Same  experiment  as  in  a,  but  data  are  expressed  as  E(lgG)/mg  protein. 
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Fig.  f).  Uptake  iif  K(lgG)  as  a  function  of  radiation  dose  at  2  (  )  and  4  I  •)  Jays  post  radiation.  Uptake 

was  measured  at  I  h.  Data  are  mean  +  SEM  of  12  different  measurements  from  four  experiments. 


The  effects  of  varying  closes  of  radiation  on  the  ability  of  J774. 1  cells  to  ingest 
E(lgG)  were  also  studied.  As  shown  in  Figure  6.  the  phagocytic  ability  of  the  cells 
increased  with  increasing  radiation  do.ses,  up  to  7.5  gray.  The  ingestion  of  E(lgG) 
plateaued  at  doses  of  radiation  equal  to  or  greater  than  7.5  gray.  The  do.se-response 
curves  on  days  2  and  4  postradiation  did  not  differ  significantly,  except  that  on  day  4 
cells  expo.scd  to  7.5  gray  ingested  slightly  more  E(lgG)  (P  <  .05)  than  on  day  2. 

H2O2  Relea.se 

Considerable  variation  was  seen  from  experiment  to  experiment  in  the  level  of 
HsOs  generated  by  both  control  and  irradiated  (20  gray)  cells  in  response  to  PMA.  In 
spite  of  the  variability,  irradiated  cells  consistently  released  more  H;;Oy/mg  cell 
protein  in  response  to  PMA  than  did  the  control  cells.  The  level  of  HyOy  generated 
in  five  different  experiments  ranged  from  24  to  1X0  nmoles/h/mg  protein  with  a  mean 
of  75  ±  1.3  for  control  J774. 1  cells,  compared  to  47  to  429  ntnoles/h/ntg  protein  w  ith 
a  mean  of  183  +  24  for  cells  exposed  to  20  gray  of  gamma  radiation  4  days  prior  to 
the  assay. 

In  order  to  control  the  possibility  that  the  nonirradiated  (dividing)  cells  were 
depleting  the  medium  of  nutrients  required  to  sustain  an  o.xidatixe  burst  faster  than 
were  the  irradiated  (nondividing)  cells,  a  series  ol  experiments  were  done  in  which 
control  cells  were  plated  at  half  the  density  of  cells  to  be  irradiated,  and  all  cells  were 
reled  at  b-h  and  12-h  intervals.  .Similar  differences  in  PMA-induced  HT);  production 
were  seen  in  these  studies  (data  not  shown).  The  addition  of  catalase  ((ib  pg ml)  to 
the  reaction  mixture  reduced  production  by  >  W7( .  indicating  that  the  mea¬ 

sured  dtvrease  in  tluorescence  was  dependent  on  the  presence  of  HyOy,  fhe  time 
course  of  the  radiation-induced  increa.se  in  production  in  response  to  PM.A  is 

shown  in  Figure  7.  By  day  1  pxrstradiation  there  was  a  significant  increase  in  HyOy 
production  (P  >  .01).  which  further  increased  and  plateaued  at  days  3  and  4.  fhere 
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Time  Postirradiation 

Fig.  7.  H2O1  prixJuction  in  response  to  a  1-h  exposure  to  PMA  (1  ng/ml)  by  control  cells  (open  bars) 
anti  irradiated  (20  gray)  cells  (shaded  bars)  at  various  times  following  radiation  exposure.  Data  are  mean 
±  SF.M  of  five  measurements. 


was  no  HsOs  release  from  either  irradiated  or  control  cells  in  the  absence  of  PMA  at 
any  of  the  times  measured  in  Figure  7. 

Experiments  were  performed  in  which  PMA-induced  H2O2  release  was  assayed 
in  both  irradiated  and  control  cells  exposed  to  LPS  for  12  h  prior  to  the  addition  of 
PMA.  These  experiments  were  designed  to  investigate  whether  LPS,  which  is  known 
to  stimulate  J774.I  cells  [6,I0|  could  further  enhance  H2O2  production  in  irradiated 
cells.  There  was  a  significant  increase  in  the  PMA-induced  release  of  H2O2  from 
unirradiated  cells  exposed  to  LPS  (1  /ig/ml)  when  compared  to  cells  grown  in  the 
absence  of  LPS  (30.2  ±  3  nmoles/h/mg  protein  for  control  cells  versus  46.8  ±  6 
nmoles/h/mg  protein  for  LPS  treated  cells).  However,  the  addition  of  LPS  to  irradi¬ 
ated  cells  (2  days  postradiation)  for  12  h  prior  to  the  addition  of  PMA  produced  no 
enhancement  in  HiOt  release  (121.8  ±  17  nmoles/h/mg  protein  for  untreated  cells 
vs.  129.5  ±  13  nmoles/h/mg  protein  for  LPS  treated  cells). 


NBT  Staining 

The  percentage  of  NBT-positive  cells  in  both  control  and  irradiated  cultures 
treated  with  PMA  ( 1  ftg/ml)  for  I  Vi  h  was  determined  at  6  h  and  at  2  and  4  days 
postradiation.  As  shown  in  Figure  8,  control  cells  incubated  without  PMA  exhibited 
no  NBT  staining,  while  5- 10%  of  the  control  cells  exposed  to  PMA  stained  positively. 
Six  hours  after  radiation  exposure,  no  difference  was  .seen  between  the  irradiated  and 
control  groups.  However,  on  day  2,  there  were  many  more  NBT-positive  cells  in 
irradiated  cultures  exposed  to  PMA  than  in  paired  control  cultures.  By  day  4,  the 
number  of  NBT-positive  cells  in  the  irradiated  PMA-treated  cultures  increased  to 
70%.  However,  by  day  4,  the  percent  of  NBT-positive  cells  in  irradiated  cultures 
without  PMA  significantly  increased. 
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I'lg.  S.  Pcrcciuagc  of  NBT  +  ccIN  in  cultures  at  6  h  and  at  2  and  4  days  postradiation.  Control  cells 
Isolid  line)  with  (  )  and  without  (•)  PMA.  I  npm\.  Irradiated  cells  (20  gray  I  (dashed  line)  with  (  ,) 

and  without  (A)  PMA,  I  /ig/ml.  Mean  +  Sl-M  ol  eight  measureiiienls. 


DISCUSSION 

The  murine  cell  line  J774  has  been  studied  extensively  as  a  souree  of  large 
numbers  of  relatively  homogenous  maerophage-like  cells  1 1.^].  In  addition,  the  isola¬ 
tion  of  a  number  of  different  J774  clones  varying  in  functional  characteristics  has 
made  these  cells  particularly  useful  IZ.IS).  This  paper  demonstrates  that  the  lunctional 
state  of  the  parent  cell  line  can  be  modulated  by  exposure  to  gamma  radiatiitn.  Cramma 
radiation  (20  gray)  blocks  thymidine  incorporation  and  increases  lyso.somal  en/.yme 
content,  ingestion  of  K(lgC]),  and  PMA-stimulated  oxidative  response  in  these  cells 
without  producing  significant  cell  death.  These  changes  were  evident  at  both  2  and  4 
days  postradiation,  and  are  consistent  w  ith  an  increase  in  the  state  o(  activ  ation  of  the 
cells  19|.  Decreases  in  the  ectoen/ymes  .*> '-nucleotidase  and  alkaline  phosphodiester¬ 
ase  are  associated  with  anti-tumor  activity  in  mouse  peritoneal  macrophages  17).  In 
our  studies,  the  level  of  .“i'-nucleotidase  was  undetectable  in  both  control  and  radiated 
J774,l  cells,  hut  alkaline  phosphodiesterase  levels  increased  postradiation.  indicating 
that  postradiation  changes  may  not  be  assi>ciated  w  ith  increases  in  cytotoxicity . 

It  is  well  known  that  blocking  cell  division  by  a  variety  of  means,  including 
radiation,  can  stimulate  differentiation  in  a  variety  of  poorly  differentiated  tumor  cell 
lines  1 121.  Although  J774. 1  cells  have  niany  of  the  characteristics  of  mature  macro¬ 
phages  and  are  therefore  reasonably  well  diflerentiated,  radiation  results  in  enhance¬ 
ment  of  some  of  the.se  functions.  J774  cells  can  also  be  modulated  by  LPS.  a  well- 
known  mimunopotentiator.  which  increases  the  release  ot  interleukin  I  and  prosta¬ 
glandins  by  the  cells  |6.I()|.  Interestingly.  I.P.S  inhibits  the  growth  ot  J774  cells 
pi. 10. 15).  I'akasaki  and  l.eive  i'71  have  recently  shown  tliat  the  activity  of  another 
well  charactcri/cd  macrophage-like  cell  line,  P.^SKDI  cells,  can  be  modulated  by 
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exposure  to  DMSO.  P388D1  cells  bind  but  do  not  normally  ingest  IgG-coaled 
particles.  However,  when  grown  in  DMSO  for  1  day  or  more,  they  ingested  E(IgG). 
Although  DMSO  slowed  the  growth  of  these  cells,  the  stimulation  of  Fc-mediated 
inge.stion  preceded  the  growth-inhibiting  effect.  In  our  studies,  exposure  to  20  gray 
of  cobalt-60  blocked  tritiated  thymidine  uptake  so  that  there  was  no  increase  in  cell 
number  during  the  time  that  the  functional  changes  in  the  J774.1  cells  were  noted. 
The  dose  dependency  of  the  increase  in  ^-glucuronidase  content  peaked  at  20  gray, 
the  radiation  do.se  that  completely  blocked  thymidine  incorporation.  This  supports  the 
view  that  the  blocking  of  cell  division  produced  by  radiation  resulted  in  the  functional 
changes.  However,  the  do.se-response  curve  for  the  increased  phagocytosis  peaked  at 
7.5  gray,  indicating  that  the  situation  was  more  complicated.  We  have  recently  shown 
that  the  ingestion  of  E(lgG)  by  mouse  thioglycollate-induced  peritoneal  macrophages 
decrea.sed  by  4  days  after  exptrsure  to  7.5  gray  of  gamma  radiation  |.3).  It  is  possible 
that  the  peak  in  the  do.se  resprrnse  of  ingestion  at  7.5  gray  resulted  from  the  sum  of 
two  radiation  effects;  one  that  enhanced  ingestion  and  one  that  inhibited  it. 

Both  HiOt  measurements  and  NBT  staining  indicated  that  the  control  J774. 1 
cells  used  in  this  study  showed  a  poor  oxidative  response  to  PM  A.  Those  findings 
agree  with  the  observation  of  Damiani  et  al  |2|  that  the  majority  of  J774  cells  lacked 
the  ability  to  prcxluce  a  significant  respiratory  burst.  However,  following  radiation 
exposure.  HiOi  production  and  the  number  of  NBT-positive  cells  in  rcspon.se  to 
PMA  increa.scd  significantly  with  time  postradiation.  The  increased  HiOi  production 
in  response  to  PMA  in  irradiated  cells  was  not  due  to  a  change  in  the  ability  of  cells 
to  break  down  HiOt.  since  cell  fractionates  isolated  from  irradiated  cells  contained 
more  catalase  activity  than  did  cell  fractionates  of  control  cells.  Exposure  of  irradiated 
cells  to  EPS  for  12  h  prior  to  PMA  stimulation  produced  no  additional  increase  in 
HiOt  prcxiuction  while  it  did  enhance  H^Ot  production  in  control  cells.  The  lack  of 
additivity  between  the  effects  of  EPS  and  irradiation  on  HiOi  production  may  be  due 
to  the  fact  that  irradiated  J774  cells  are  already  maximally  stimulated. 

The  increase  in  HiO;;  released  by  irradiated  cells  in  response  to  PMA  peaked  at 
days  .3  and  4  postradiation.  A  concomitant  increase  was  seen  in  the  number  of  NBT- 
ptrsitive  cells  in  irradiated  cultures  exposed  to  PMA.  However,  a  significant  number 
of  cells  in  the  irradiated  cultures  not  expo.scd  to  PMA  stained  positive  for  NBT  on 
day  4  p<istradiation.  We  do  not  know  why  the  irradiated  J774.1  cells  showed  an 
increase  in  spontaneous  NBT  reduction  with  time.  But  it  is  likely  that  this  increase 
was  not  related  to  an  increase  in  reactive  oxygen  metabolites  because  a  concomitant 
increase  in  HiOi  production  was  not  noted. 

The  increases  in  HiOj  production.  NBT  staining,  ingestion  of  E(lgG).  and 
enzyme  content  in  the  irradiated  cell  were  asswiated  with  an  increase  in  membrane 
ruffling  and  cell  spreading.  These  changes,  evident  2  to  4  days  postradiation,  arc 
characteristics  often  associated  with  more  activated  macrophages  |9|.  Therefore, 
radiation  may  be  a  useful  tool  in  modulating  the  activity  of  these  cells. 
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Abstract.  The  kinetics  of  cell  turnover  for  mye¬ 
loid/monocyte  cells  that  form  colonies  in  agar  (GM- 
CFC)  were  measured  through  the  progressive  in¬ 
crease  in  their  sensitivity  to  313-nm  light  during  a 
period  of  cell  labeling  with  BrdCyd.  Two  compo¬ 
nents  of  cell  killing  with  distinctly  separate  labeling 
kinetics  revealed  both  the  presence  of  two  genera¬ 
tions  within  the  GM-CFC  compartment  and  the 
properties  of  the  kinetics  of  the  precursors  of  the 
GM-CFC.  These  precursors  of  the  GM-CFC  were 
not  assayable  in  a  routine  GM-CFC  assay  when 
pregnant  mouse  uterus  extract  and  mouse  L-cell- 
conditioned  medium  were  used  to  stimulate  colony 
formation  but  were  revealed  by  the  labeling  kinetics 
of  the  assayable  GM-CFC.  Further,  these  precursor 
cells  appeared  to  enter  the  assayable  GM-CFC  pop¬ 
ulation  from  a  noncycling  state.  This  was  evidenced 
by  the  failure  of  the  majority  of  these  cells  to  in¬ 
corporate  BrdCyd  during  five  days  of  infusion.  The 
half-time  for  cell  turnover  within  this  precursor 
compartment  was  measured  to  be  approximately 
5.5  days.  Further,  these  normally  noncycling  cells 
proliferated  rapidly  in  response  to  endotoxin.  High- 
prolifcrativc-polcntial  colony-forming  cells  (HPP- 
CFC)  were  tested  as  a  candidate  for  this  precursor 
population.  The  results  of  the  determination  of  the 
kinetics  for  these  cells  showed  that  the  HPP-CFC 
exist  largely  in  a  Ci,,  state,  exiting  at  an  average  rate 
of  once  every  four  days.  The  slow  turnover  time  for 
these  cells  and  their  response  to  endotoxin  challenge 
are  consistent  with  a  close  relationship  between  the 
HPP-CFC  and  the  G,,  pool  of  cells  that  is  the  direct 
precursor  of  the  CiM-CFC. 
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upon  their  isolation  from  normal  murine  bone  mar¬ 
row,  myeloid/monocytic  cells  that  form  colonies  in 
agar  (GM-CFC)  represent  a  heterogeneous  popula¬ 
tion  [1-3],  These  heterogeneities  can  be  detected 
through  physical  properties  of  the  cells  ( 1 ,  2),  dif¬ 
ferences  in  membrane  receptors  [4-  6],  or  the  relative 
porportion  of  cells  in  the  various  phases  of  the  cell 
cycle  17,  10,  14].  The  separation  of  GM-CFC  sub¬ 
populations  based  on  buoyant  density  [2,  8],  sedi¬ 
mentation  velocity  [1],  S-phase  content  [7,  10],  or 
their  toxic  response  to  specific  drugs  [7,  9]  has  led 
several  workers  to  conclude  that  the  basis  for  the 
hetrogeneity  in  GM-CFC  may  be  either  the  prolif¬ 
erative  future  of  the  cell  or  the  state  of  differentiation 
(1 1-13],  As  an  example,  colony  size,  which  is  pre¬ 
sumably  related  to  the  proliferative  future  of  the 
colony-forming  cell,  has  been  recently  shown  to 
identify  a  relatively  distinct  population  of  the  GM- 
CFC  [9,  13],  Using  this  discriminator,  Bradley  and 
co-workers  identified  a  minor  GM-CFC  subpopu¬ 
lation.  the  “high-proliferative-potential  colony¬ 
forming  unit"  (HPP-CFC).  which  appears  to  be  a 
candidate  precursor  for  the  majority  of  the  GM- 
CFC  19,  13].  These  cells,  optimally  expressed  as 
colonics  only  in  the  presence  of  human  serum  and 
spleen-conditioned  medium,  are  largely  resistant  to 
S-phasc-spccific  cytotoxic  agents  [9,  13,  15]. 

In  recent  work,  while  measuring  the  cell-cycle  ki¬ 
netics  of  the  GM-CFC  under  conditions  that  limited 
the  expression  of  HPP-CFC.  we  observed  a  sub¬ 
population  of  GM-CFC  that  appeared  to  have  re¬ 
cently  come  from  a  pool  of  noncycling  cells  [14]. 
Since  this  transition  is  likely  to  be  important  to  the 
understanding  of  the  relationship  between  the  HPP- 
CFC  and  the  general  GM-CFC  population,  we  have 
examined  in  detail  the  BrdCyd-labcling  kinetics  of 
the  cell  populations  involved. 

To  examine  these  kinetics,  the  changes  in  sensi¬ 
tivity  of  GM-CFC  and  HPP-CFC  to  313-nm  light 
vere  measured  over  an  extended  period  of  BrdCyd 
infusion.  The  kinetics  for  the  development  of  313- 
nm  light  sensitivity  for  initially  ultraviolet  (UV')  re¬ 
sistant  CiM-CFC  are  consistent  with  these  cells  hav¬ 
ing  recently  entered  the  cell  cycle  from  a  pool  ofG,, 
cells.  In  addition,  the  turnover  time  for  this  pool  of 
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Fig.  J.  GM-CFC  survival  after  Brd- 
Cyd  3l3-nm-light  treatment.  After 
BrdCyd  infusion  for  the  period  shown, 
cell  suspensions  of  GM-CFC  were  ex¬ 
posed  to  the  fluence  of  313-nm  li^l  in¬ 
dicated.  Control  cultures  were  denved 
from  animals  not  receiving  BrdCyd. 
Error  bars  representing  i  I  SE  are 
shown  when  they  are  larger  than  the 
sy  mbol.  Data  represent  the  mean  of 
triplicate  samples. 
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G„  cells  and  their  response  to  endotoxin  challenge 
are  consistent  with  a  close  relationship  between  the 
cells  within  this  G„  pool  and  the  HPP-CFC  (9,  13]. 

Material  and  methods 

B6D2F,  female  mice.  12-16  weeks  of  age  (Jackson  Lab- 
oralors.  Bar  Harbor.  ME),  were  used  ihroughout.  Control  and 
expenmental  mice,  randomized  with  respect  to  age,  were  main¬ 
tained  on  a  6;00  am  to  6:00  pm  light-dark  cycle.  Wayne  Lab- 
Blox  and  hyperchlorinated  water  were  available  ad  libitum.  Prior 
to  treatment,  mice  were  acclimated  to  laboratory  conditions  for 
two  weeks.  During  this  time,  the  mice  were  examined  and  found 
to  be  free  from  lesions  of  murine  pneumonia  complex  and  of 
oropharyngeal  Pseudomonas  sp. 

BrdCyd  labeling.  BrdCyd  labeling  has  been  described  elsewhere 
[14,  21).  Briefly,  BrdCyd  labeling  was  accomplished  with  in¬ 
dwelling  osmotic  minipumps  filled  with  150  m.tf  BrdCyd  (Cal- 
biochem-Behring,  San  Diego,  CA)  in  stenie,  pyrogen-free  water. 
Minipumps  (Alza  Corporation.  Palo  Alto.  CA)  were  implanted 
subcutaneously  on  the  dorsal  surface  dunng  chloralhydrate  an¬ 
esthetization. 

313-nm  light  irradiation.  Murine  bone  marrow  cells,  suspended 
at  5.0  X  10*  cell  ml  in  Dulbecco  phosphate-buffered  saline,  were 
irradiated  with  monochromatic  ,5 1 3-nm  light  ( 10-nm  band  width) 
at  a  flux  of  1 5.0  J  m  •’  s  '.  The  irradiation  source  consisted  of  a 
1  kW  Hg-Xc  lamp  (Oriel  Corporation.  Stamford,  CT)  filtered 
through  80  mm  of  1 .0  x  10  '  .5/  dAde  and  focused  onto  a  mono¬ 
chromator  (model  7024,  Oriel  C  orporation).  The  flux  was  de¬ 
termined  with  a  model  8334A  thermopile  and  microammeter 
(Hewlett-Packard,  Palo  Alto,  CA). 

(i.\t-CPC  assay  On  each  day  of  the  infusion  period,  cell  suspen¬ 
sions  were  prepared  of  pooled  axially  denved  bone  marrows  from 
the  femurs  of  three  mice.  GM-CFC  [16)  were  assayed  by  tbe 
double-layer  agar  technique.  The  agar  medium  was  plated  into 
60-mm  plastic  Petri  dishes  as  follows,  bottom  layer.  2  ml  of  1 .0% 
agar  (Bactoagar.  Difeo,  Detroit.  MI),  2  ml  double-strength  me¬ 
dium.  100  111  pregnant-mouse-uterus  extract  [  1 7],  150ul  mouse 
L-cell-condilioned  medium  [18);  lop  layer.  1  ml  of  0.66%  agar 
and  1  ml  double-strength  medium.  Double-strength  medium 


consisted  of  Connaught  Medical  Research  Laboratory  (CMRL. 
Toronto.  Canada)  1066  medium  containing  10%  (vol/vol)  fetal 
calf  serum.  5%  (vol/vol)  horse  serum.  5%  (wt/vol)  trypticase  soy 
broth.  20  g/ml  L-asparagine.  and  antibiotics.  After  10  days  of 
incubation  at  37°C  in  5%  humidified  CO,  in  air.  GM-CFC  were 
scored  as  colonies  of  more  than  50  cells.  For  H  PP-CFC,  the  same 
double-layer  agar  technique  was  employed  as  by  Metcalf  and 
Johnson  [19).  but  rat  spleen  cell-conditioned  medium  (CM)  and 
PMUE  were  used  as  colony  stimulants.  Single-cell  suspensions 
of  rat  spleen  were  prepared  at  a  concentration  of  16  x  10‘  cells/ 
ml  of  medium.  The  pokeweed-mitogen-spleen-cell  CM  was  pre¬ 
pared  as  described  by  Metcalf  and  Johnson  [19).  Rat  spleen  CM 
and  PMUE  were  each  used  at  6%  (vol/vol).  The  culture  medium 
contained  25%  heat-inactivated,  pooled  human  serum.  The  mar¬ 
row  cells  were  plated  at  5  x  10*  cells/dish.  An  eyepiece  graticule 
was  used  to  assess  colony  size.  All  colonies  greater  than  2  mm 
in  diameter  were  considered  to  be  derived  from  HPP-CFCs.  Ex¬ 
periments  were  routinely  performed  in  triplicate  with  the  mean 
and  standard  errors  reported  on  the  Figures.  The  data  in  Figure 
5  represent  duplicate  experiments. 


Results 

The  time  deptendence  of  the  BrdCyd  labeling  ofGM- 
CFC  was  measured  for  infusion  pteriods  of  1-8  days. 
For  these  measurements,  cell  suspensions  were  ex- 
pyosed  to  graded  fluences  of  3 1 3-nm  light,  after  which 
the  surviving  fraction  of  GM-CFC  was  determined. 
For  each  of  the  resulting  survival  curves,  two  com¬ 
ponents  of  UV  sensitivity  were  detectable.  As  can 
be  seen  in  Figure  1 ,  there  are  two  components  of 
cell  survival,  the  more  resistant  observed  for  flu¬ 
ences  greater  than  200  J/m^  The  proportion  of  cells 
more  resistant  to  313-nm  light  decreased  from  ap¬ 
proximately  70%  after  one  day  of  infusion  to  ap¬ 
proximately  1  5%  after  eight  days. 

This  decrease  in  the  size  of  the  resistant  popula¬ 
tions  was  further  analyzed  by  plotting  in  Figure  2 
the  proportion  of  3 1 3-nm-lighi-rcsistant  cells  versus 
time.  GM-CFC  survival  values  at  a  fluence  of  -  300 
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Fig.  2,  Decrease  in  ihe  proportion  ofGM-CFC  resistant  to  313* 
nm  light  (see  text).  The  fraction  of  resistant  GM-CFC  is  estimated 
from  the  fraction  of  GM-CFC  surviving  a  fluence  of  300  J/m 
Pump  dead  lime  represents  the  time  from  the  implanution  of 
minipumps  to  the  lime  at  which  BrdCyd  is  present  in  the  pe- 
npheral  blood 


Fig,  3.  Survival  of  the  UV-resistam  component  of  the  GM-CFC 
population.  The  data  presented  in  Figure  1  were  normalized  to 
unity  at  a  fluence  value  of  300  J  m  The  resultant  survival 
curves  are  indicated  by  a  number  corresponding  to  the  number 
of  days  of  BrdCyd  infusion, 

J/m  *  were  used  to  estimate  the  proportion  of  col- 
j  ony-forming  cells  in  the  resistant  cell  population. 

I  From  the  resulting  curve,  one  notes  that  initially 

none  of  the  GM-CFC  are  sensitized  to  3 1 3-nm  light. 
Over  the  initial  two  days  of  BrdCyd  labeling,  how¬ 
ever,  approximately  55%  of  the  GM-CFC  rapidly 
became  sensitive  to  3 1 3-nm  light  while  the  remain¬ 
ing  45%  were  sensitized  considerably  more  slowly, 
j  The  slowly  labeled  component  demonstrated  a  half¬ 

time  for  labeling  of  5.5  days.  In  addition  to  the 
decrease  in  the  313-nm-light-resistant  cell  popula¬ 
tion.  two  other  characteristics  of  the  survival  data 
in  Figure  1  are  of  interest.  First,  for  fluence  values 
less  than  100  j/m  ‘.  a  shoulder  appears  on  the  day- 1 
and  day-2  survival  curves.  This  shoulder  was  re- 
I  duced  to  less  than  50  J'm  -  for  the  survival  curve 

determined  at  day  4  and  eliminated  by  day  8, 
Secondly,  the  fluence  value  of  the  inflection  in  the 
survival  curve  appears  not  to  be  a  function  of  the 
infusion  period.  This  inflection  identifies  the 
31 3-nm-light-resistant  cell  population  described 
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Fig.  4.  Etfecl  of  endotoxin  (ETX)  on  GM-CFC  survival  after 
BrdCyd/3 1 3-nm-light  treatment.  Endotoxin  was  administered  (sec 
Materials  and  methods)  24  h  after  the  implantation  of  mini- 
pumps.  For  comparison,  the  survival  data  (shown  by  the  dashed 
line  in  A)  represent  normal  GM-CFC  after  48  h  of  BrdCyd  in¬ 
fusion. 


above.  By  normalizing  to  unity  the  survival  values 
at  300  J/m  ^  (i.e.,  fluence  value  of  the  secondary 
shoulder),  one  sees  in  Figure  3  that  no  significant 
change  in  the  fluence  value  of  this  shoulder  region 
occurs  during  the  eight  days  of  BrdCyd  infusion. 
The  significance  of  these  shoulder  regions  will  be 
addressed  later  in  detail. 

To  determine  whether  either  GM-CFGC  popu¬ 
lation  could  respond  to  a  proliferative  stimulus, 
endotoxin  was  administered  to  a  group  of  mice  24 
h  after  the  implantation  of  BrdCyd-containing  mini¬ 
pumps.  The  intraperitoneal  administration  of  2,5 
Mg/mouse  of  Salmonella  lyphosa  endotoxin  pro¬ 
duced  changes  in  two  of  the  survival  curve  char¬ 
acteristics  described  above.  The  data  in  Figure  4A 
show  that  the  fraction  of  3 1 3-nm-light-resistant  cells 
dropped  to  approximately  1 5%  24  h  after  the  endo¬ 
toxin  challenge  and  was  essentially  unchanged  over 
the  subsequent  five  days  of  infusion.  In  addition, 
the  sensitivity  of  this  population  to  31 3-nm  light 
appeared  to  increase  with  time:  that  is,  a  comparison 
of  the  width  of  the  shoulder  at  the  1 5%  survival 
level  revealed  a  measurable  decrease  as  the  period 
of  infusion  increased.  This  shift  in  the  shoulder  val¬ 
ue  contrasts  directly  with  the  data  for  the  nonchal- 
lenged  hosts,  viz..  Figure  3. 

Both  the  G„  nature  and  the  responsiveness  to 
endotoxin  of  the  GM-CFC  precursor  cell  are  char¬ 
acteristics  associated  with  the  HPP-CFC  [13.  20J. 
It  was  decided,  therefore,  to  measure  the  kinetics  of 
BrdCyd  labeling  of  this  cell  type.  The  HPP-CFC  was 
cultured  and  identified  with  the  techniques  detailed 
in  Materials  and  methods.  Additional  confirmation 
of  the  HPP-CFC  was  provided  through  the  small 
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Table  I.  Decrease  in  femoral  content"  of  HPP-CFf'  and  GM- 
CFC  2  h  after  injection  with  hydroxyurea  (Hu)" 


HPP-(  FC 

GM-CFC 

%  De- 

%  De- 

Pre-Hu 

Post-Hu 

crease 

Pre-Hu 

Post-Hu 

crease 

1) 

647) 

5805 

10.3 

18,531 

13,496 

27.2 

2) 

8308 

8088 

2.6 

20.689 

1 1.844 

42.8 

3) 

5420 

4607 

15.0 

18,432 

11,300 

38.4 

4) 

7175 

6583 

8  3 

36.600 

17,460 

52  3 

Mean  9. 1  ± 

2.6 

Mean  40.2  ±  5, 

2 

■  Mean  values  from  four  individual  replicate  experiments  are 
shown.  Four  mice  were  used  per  replicate  Femoral  contents 
were  pooled.  HPP-CFC  and  GM-CFC  assays  were  performed 
on  the  same  marrow  samples. 

"  Hu.  900  mg^  kg,  was  injected  intrapenioneally. 


fraction  of  these  cells  sensitive  to  hydroxyurea,  a 
characteristic  of  the  HPP-CFC  (13).  The  data,  shown 
in  Table  1.  relate  this  property  and  agree  well  with 
the  published  difference  between  GM-CFC  and  HPP- 
CFC  [13].  If,  tndeed,  the  HPP-CFC  form  this  pool 
of  cells  that  are  precursors  of  the  GM-CFC,  then 
they  should  survive  the  BrdCyd/313-nm-light  treat¬ 
ment  in  a  predictable  manner.  They  should  be  non¬ 
cycling.  Therefore,  there  should  be  no  S-phase  p>op- 
ulation  to  give  rise  to  a  shoulder  at  200-300  J/m’. 
Further,  a  plateau  in  survival  should  be  present  for 
each  infusion  period.  This  plateau  value  should  de¬ 
crease  at  the  rate  shown  in  Figure  2.  Survival  curves 
illustrating  this  ideal  behavior  and  actual  HPP-CFC 
survival  data  are  presented  in  Figure  5.  In  Figure 
5A.  survival  curves  with  no  shoulder  and  a  mini¬ 
mum  or  plateau  are  shown  for  increasing  periods  of 
BrdCyd  labeling.  When  these  plateau  values  are 
plotted  against  their  associated  infusion  periods,  the 
resulting  simple  exponential  curxe  mimics  the  curves 
shown  in  Figure  2.  The  survival  curves  for  the  HPP- 
CFC  shown  in  Figure  5B  were  derived  from  the 
mean  values  of  duplicate  experiments.  .Also  shown 
for  comparison  are  the  survival  curves  for  the  CiM- 
CFC  population  measured  from  the  same  pool  of 
cells  as  one  of  the  HPP-CFC  determinations. 


Discussion 

The  present  work  reports  the  cell  survival  response 
after  BrdCyd  313-nm-light  treatment  of  CiM-CFC 
derived  from  murine  bone  marrow.  BrdCyd  infu¬ 
sion  was  used  to  effect  BrdCrd  labeling  via  the  in 
vivo  deamination  of  BrdCyd  (21.  22).  The  kinetics 
for  the  BrdCyd  labeling  have  been  determined  by 
measuring  the  time  rate  of  change  in  sensitivity  to 
313-nm  light  of  the  GM-CFC  population. 


A  Fluence.  J  rn" 
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Fig.  5.  Survival  of  HPP-CFC  after  BrilC'yd/  3 1 3-nm-light  treai- 
mem.  (A)  Theoretical  survival  curves  for  ihe  precursor  of  the 
GM-CFC.  Minimum  (plateau)  values  in  survival  were  deter¬ 
mined  from  the  data  in  Figure  2.  (B)  Actual  survival  data  for 
the  HPP-CFC  (•)  and  GM-CFC  (O)  for  the  infusion  periods 
shown.  HPP-C'FC  data  points  represent  the  mean  value  ♦  1  SE 
for  duplicate  expenments  (n  =  6).  GM-CFC  data  poms  are  mean 
values  from  duplicate  samples. 

From  the  data  in  Figures  1-4.  four  characteristics 
of  the  BrdCyd  labeling  can  be  defined.  First,  as  ex¬ 
pected,  the  fraction  of  the  GM-CFC  initially  resis¬ 
tant  to  313-nm  light  is  near  unity.  During  the 
BrdCyd-labeling  period,  however,  this  UV-rcsistani 
fraction  decreases.  The  pattern  of  this  decrease  in 
survival  discloses  two  subpopulations  with  signifi¬ 
cantly  differing  labeling  kinetics.  The  more  rapidly- 
labeled  GM-CFC  subpopulation  comprises  approx¬ 
imately  55%  of  Ihe  total  GM-CFC  and  the  more 
slowly  labeled  cells  comprise  the  remaining  45%. 
Secondly,  the  sensitivity  to  3 1  3-nm  light  of  the  IIV- 
resistant  subpopulation  does  not  change  with  time. 
However,  a  steady-state  decrease  is  seen  in  the  pro¬ 
portion  of  cells  resistant  to  3 1  3-nm  light.  This  de¬ 
crease  is  approximately  exponential  with  a  half-time 
of  5.5  days.  Third,  the  proportion  of  UV-resistant 
cells  decreases  markedly  in  the  first  24  h  for  mice 
injected  with  endotoxin.  Lastly,  in  contrast  with  the 
normal  steady-state  response,  mice  injected  with 
endotoxin  exhibit  an  increase  in  the  sensitivity  of 
the  UV-rcsistant  GM-CFC  component;  this  clfect 
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is  observed  by  a  decreasing  shoulder  value  with  in¬ 
creasing  periods  of  BrdCyd  infusion. 

To  interpret  these  results,  it  is  first  necessary  to 
consider  the  possible  routes  for  the  in  vivo  BrdCyd 
labeling  of  any  population  of  proliferating  cells.  From 
data  obtained  in  vitro  [22],  one  knows  to  expiect  two 
components  of  BrdCyd  labeling,  both  with  rapid 
kinetics  (i.e.,  half-times  of  less  than  one  cell  cycle). 
These  two  components  arise  through  (a)  the  incor¬ 
poration  by  cells  in  the  S-phase  of  a  sufficient  amount 
of  BrdUrd  to  be  conditionally  lethal  upon  exposure 
to  UV  light,  and  (b)  the  progress  into  S-phase  of 
cells  initially  not  synthesizing  DNA.  However,  in 
vivo  a  third  route  (viz.,  the  differentiation  into  the 
compartment  being  assayed  of  cells  labeled  in  the 
precursor  cell  compartment)  represents  an  alternate 
pathway  for  the  accumulation  of  labeled  cells.  This 
pathway  for  the  accumulation  of  BrdUrd-labeled 
cells  appears  to  be  apropos  for  the  UV-resistant  GM- 
CFC.  Unlike  the  data  for  experiments  performed  in 
vitro,  which  show  near-maximum  sensitivity  to  3 1 3- 
nm  light  after  one  or  two  generation  times,  the  data 
presented  here  show  a  population  of  GM-CFC  that 
is  fully  sensitized  only  after  some  eight  or  more  days, 
a  period  much  longer  than  the  GM-CFC  generation 
time  that  would  be  estimated  from  the  results  of 
suicide  experiments,  viz.,  approximately  12  h  [23], 
Moreover,  the  U  V  sensitivity  of  this  population  does 
not  change  with  time,  yet  it  has  been  shown  earlier 
that  these  cells  have  an  S-phase  fraction  of  approx¬ 
imately  50%  [14],  Thus,  these  cells  are  not  them¬ 
selves  postmitotic.  Since  these  GM-CFC  are  cycling 
in  the  steady  state  but  arc  "seeing"  the  BrdCyd  label 
for  the  first  time,  it  is  likely  that  they  have  recently 
entered  the  assayable  GM-CFC  compartment  from 
a  noncvcling.  or  G,,.  population  not  assayable  under 
the  same  conditions. 

If  the  CiM-CFC  that  are  initially  resistant  to  3 1  3- 
nm  light  arc  supplied  to  the  GM-CFC  compartment 
directly  from  a  pool  of  proliferating  cells,  their  UV 
sensitivity  would  presumably  increase  with  time. 
Thus,  in  time,  the  Huence  value  for  the  shoulder 
region  of  the  sur\  ival  curv  e  would  decrease  and  the 
slope  of  the  surv  ival  curve  would  increase.  This  does 
not  happen.  If  the  precursor  population  were  com¬ 
posed  largely  ofa  Ci,,  fraction,  however,  those  CiM- 
CFC  derived  from  the  Cr,,  would  possess  just  such 
properties  as  described  for  the  slowly  labeled  313- 
nm-light-resistant  cells:  that  is.  the  shoulder  value 
would  not  change  with  time,  but  the  proportion  of 
resistant  cells  would.  Furthermore,  the  rate  of  the 
decrease  with  time  of  the  proportion  of  these  cells 
resistant  to  313-nm  light  implies  that  the  precursor 
population  IS  itself  supplied  at  a  rate  consistent  w  ith 
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Fig.  6.  Kinetics  model  for  GM-CFC  production  (sec  text  for 
explanation). 

a  5.5-day  half-time  for  the  turnover  of  the  G„  cell 
pool.  Furthermore,  the  G„  nature  of  the  precursor 
of  the  GM-CFC  requires  the  precursor  population 
to  be  cither  fully  labeled  or  completely  unlabeled 
with  BrdCyd.  This  point  will  be  important  later. 

The  GM-CFC  precursor  pool  was  also  manipu¬ 
lated  through  its  response  to  a  stimulus  to  prolif¬ 
erate.  After  the  administration  of  endotoxin,  this  G„ 
pool  was  exhausted.  Whether  this  occurred  through 
cell  proliferation  or  cell  mobilization  from  the  mar¬ 
row  cannot  be  determined  from  these  data  alone. 
The  effect  of  each  would  be  the  same;  viz.,  each 
process  would  remove  unlabcled  GM-CFC  from  the 
population  responsible  for  the  time-dependent  in¬ 
crease  in  sensitivity  to  313-nm  light.  Interestingly, 
after  the  administration  of  endotoxin  and  the  sub¬ 
sequent  depletion  of  the  G,,  pool,  a  time-dependent 
increase  in  sensitivity  to  3  I  3-nm  light  occurred  (Fig. 
4).  This  effect  was  most  likely  due  to  a  recent  episode 
of  DNA  synthesis  for  the  cells  filling  this  GM-CFC 
precursor  pool.  This  increased  sensitization  to  UV 
light  may  also  occur  in  the  absence  of  an  endotoxoin 
challenge  and  simply  have  been  obscured  in  the  un¬ 
challenged  animal  by  the  presence  of  the  large  frac¬ 
tion  of  precursor  cells  that  are  normally  in  a  G„- 
phase  and  thus  are  not  labeled  by  the  BrdCyd. 
Therefore,  this  increase  in  sensitivity  to  UV  light 
apparently  induced  by  the  endotoxin  may  not  be 
dependent  upon  the  endotoxin  challenge  but  may 
only  have  been  rendered  detectable  by  it. 

.A  model  that  is  consistent  with  these  findings  is 
presented  in  Figure  6.  .Although  the  model  is  quite 
general,  it  is  constrained  at  several  points  by  the 
present  data.  For  example,  the  model  has  been  lim¬ 
ited  tv)  two  generations  of  (iM-CFC  by  the  high 
percentage  of  f  iM-CFC  that  appear  to  be  in  the  first 
generation  of  labeling  (i.e..  45"'o  shown  in  Fig.  2). 
Furthermore,  the  G,,  pool  is  shown  as  a  precursor 
pool  and  not  a  GM-CFC  reservoir.  This  is  due  prin- 
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cipally  to  the  high  S-phase  content  of  both  GM- 
CFC  moieties  114],  The  previously  reported  lower 
buoyant  density  of  the  GM-CFC  that  are  being  la¬ 
beled  for  the  first  time  is  a  further  indication  that 
first-generation  GM-CFC  are  progeny  of  the  phys¬ 
iologically  distinct  precursor  pool  (2,  3,  14],  The 
final  constraint  upon  the  model  is  that  the  GM-CFC 
compartment  is  being  fed  by  a  separate  celt  type  and 
not  by  self-renewal.  This  property  has  been  sug¬ 
gested  by  others  on  the  basis  of  the  inability  to  prop¬ 
agate  GM-CFC  in  vitro  [24.  25],  Flere,  the  evidence 
against  self-renewal  is  that  first-generation  GM-CFC 
are  labeled  much  more  slowly  than  the  rate  at  which 
the  GM-CFC  are  cycling.  Self-renewal  in  the  GM- 
CFC  compartment  thus  appears  to  be  limited  to.  at 
most,  two  generations. 

The  cell  kinetics  of  one  candidate  for  the  GM- 
CFC  precursor,  the  HPP-CFC  (9.  13].  were  mea¬ 
sured.  and  the  data  are  presented  in  Figure  5.  This 
cell  type  has  previously  been  shown  to  be  both  slow¬ 
ly  proliferating,  if  at  all,  and  responsive  to  endotoxin 
challenge  [20],  Both  of  these  are  properties  consis¬ 
tent  with  the  data  presented  here  for  the  GM-CFC 
precursor.  Further,  from  the  present  data,  both  qual¬ 
itative  and  quantitative  predictions  can  be  made 
concerning  the  survival  after  313-nm-light  irradia¬ 
tion  of  the  HPP-CFC.  If  the  HPP-CFC  constitute 
the  pool  of  cells  in  G„  that  feed  into  the  GM-CFC, 
the  HPP-CFC  should  be  composed  initially  of  cells 
largely  not  capable  of  being  labeled  during  the  first 
24  h  of  BrdCyd  infusion.  Secondly,  since  a  G„  pop¬ 
ulation  by  definition  has  no  cells  in  the  S  phase, 
there  should  be  no  cell  population  to  produce  a 
shoulder  on  the  IJV  survival  curve  [26,  27],  There¬ 
fore.  the  survival  curves  for  the  HPP-CFC  should 
possess  two  components:  one  fully  sensiti  /e  and  the 
other  fully  resistant  to  the  BrdCyd '313-nm-light 
treatment.  Further,  the  proportion  of  fully  resistant 
HPP-CFC  should  decrease  in  a  manner  quantita¬ 
tively  similar  to  the  decrease  in  the  3 1 3-nm-light- 
rcsistant  GM-CFC  shown  in  Figure  2. 

The  data  in  Figure  5  show  that  the  HPP-CFC 
labeled  for  one  day  are  largely  not  sensitized  to  31 3- 
nm  light.  However,  a  minor  population  of  cells  gives 
rise  to  a  shoulder  on  the  survival  curve.  For  day  5, 
no  such  shouldered  population  was  observed.  Quan¬ 
titatively.  the  population  of  cells  resistant  to  313- 
nm  light  is  below  the  values  predicted  from  the  data 
presented  in  Figure  2.  For  both  day  1  and  day  5  of 
the  BrdCyd  infusion,  the  nonsensitized  fraction  is 
approximately  30%  below  the  predicted  values.  Since 
30%  is  also  the  approximate  proportion  of  cells  giv¬ 
ing  rise  to  the  shoulder  on  the  survival  curve  for 
day  I  of  the  infusion,  this  population  may  simply 


be  a  GM-CFC  contaminant  of  the  HPP-CFC  assay. 
In  fact,  such  a  contaminant  has  been  reported  by 
others  when  human  serum  and  mouse  spleen-con¬ 
ditioned  medium  are  used  to  induce  the  expression 
of  HPP-CFC  [13],  Using  the  plateau  survival  values 
from  Figure  5,  the  half-time  for  turnover  of  the 
HPP-CFC  is  approximately  four  days.  These  quan¬ 
titative  differences  notwithstanding,  the  qualitative 
pattern  of  survival  of  the  HPP-CFC  after  BrdCyd/ 
313-nm-light  treatment  is  consistent  with  the  pre¬ 
dictions  made  for  the  GM-CFC  precursor.  Although 
these  data  support  the  notion  that  the  HPP-CFC 
give  rise  to  the  GM-CFC.  there  is  no  indication  from 
these  assays  of  the  nature  of  the  proliferative  cell 
population  that  supplies  the  HPP-CFC.  The  present 
data  suggest  that,  if  the  HPP-CFC  is  the  precursor 
of  the  GM-CFC.  then  the  HPP-CFC  must  be  sup¬ 
plied  from  a  proliferative  cell  compartment  at  a  rate 
that,  in  the  steady  state,  is  consistent  with  a  5.5-day 
half-time  for  cell  turnover. 
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.Abstract,  losing  the  monoclonal  antibodies  0X7 
HL.  W3  13  HLK.  0X1  HLK.  0X22,  and  the  tech¬ 
nique  of  fluorescence  activated  cell  sorting,  it  was 
possible  to  characterize  the  phenotype  of  the  rat 
marrow  CFU-S  as  0X7  upper  20%  positive,  W3' 
13  lower  50%  positive,  0X1  positive,  and  0X22 
negative.  0X7  recognizes  an  antigenic  determinant 
expressed  on  the  Thyl  glycoprotein.  W3  13  recog¬ 
nizes  a  determinant  expressed  on  some  sialoglyco- 
proteins,  0X1  recognizes  all  four  apparent  molec¬ 
ular  weight  forms  of  leukocyte  common  antigen, 
while  0X22  recognizes  only  the  high  molecular 
weight  forms  of  leukocyte  common  antigen.  It  was 
determined  that  the  concentration  of  0X7  upper 
20%  positive,  W3  1 3  lower  50%  positive.  OX  1  pos¬ 
itive,  and  0X22  negative  cells  in  the  marrow  was 
3085  ±  1446  1  O'"  cells.  For  comparison,  the  cal¬ 
culated  concentration  of  marrow  stem  cells  using  a 
2-h  seeding  efficiency  was  found  to  be  501  C'FU-S-' 
10''  cells  and.  using  a  24-h  seeding  efficiency,  it  was 
found  to  be  1415  CFU-S  10''  cells.  Although  re- 
quinng  further  refinements,  these  results  suggest  that 
an  assessment  of  CFU-S  marrow  concentration 
might  be  achieved  using  multiparametcr  flow  cy¬ 
tometry.  Also,  a  technique  for  the  conjugation  of 
the  Fab'  fragment  of  the  monoclonal  antibody  0X7 
to  phycocry  thrin  is  described. 

Ke,\  words:  Sicm  cell  —  0X7  —  W3  13  —  0X1  —  0X33  — 
Ral  (  Ft  -S 


There  are  three  major  glycoproteins  found  on  rat 
thymocytes  that  account  for  approximately  50%  of 
the  tolal  membrane  glycoprotein  and  nearly  all  of 
Its  sialic  acid  [  1 ).  These  glycoproteins  arc  Thy  I .  Icu- 
kocyte  sialoglycoprotein  (L.S(iP).  and  leukocyte 
common  antigen  (L  -CA).  There  is  both  direct  and 

Kescaryh  vkas  y onduv loil  ayyorilin^  1o  the  prifuiplos  onuncialcil 
m  (he  '(luiclc  for  (he  (  arc  .intl  I  sc  o(  I  abi)riih>rs  Animals." 
prepared  bs  the  institute  ot  I  aborators  Animal  Rcsouri.es.  Na¬ 
tional  Rescaryh  (  oiinyil 
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indirect  evidence  that  these  three  glycoproteins  are 
also  found  on  the  rat  colony-forming  unit  spleen 
(CFU-S). 

Thyl  antigen  was  first  desenbed  in  the  mouse 
where  it  was  shown  to  be  present  on  T  cells,  thy¬ 
mocytes.  and  the  brain  [2],  Thyl  is  also  found  on 
thymocytes  and  neural  tissues  of  rats,  but  not  on 
peripheral  T  cells  (3,  4],  In  the  rat,  expression  of 
Thyl  appears  earlier  in  the  development  of  hema¬ 
topoietic  and  lymphoid  cells  than  in  the  mouse. 
Unlike  the  murine  CFU-S.  which  expresses  ex¬ 
tremely  low  levels  of  Thy  1(5].  the  ral  hematopoietic 
stem  cell  [6]  and  T-  and  B-lymphocytc  stem  cells 
(7,  8)  express  high  levels  of  Thyl.  This  fact  has 
enabled  Goldschneider  et  al.  [9]  and  Castagnola  et 
al.  (lOJ  to  purify  substantially  the  rat  CFU-S  using 
the  technique  of  fluorescence  activated  cell  sorting. 
In  the  rat,  Thyl  is  recognized  by  the  monoclonal 
antibody  0X7  (11). 

The  monoclonal  antibody  W3  13  labels  a  ral 
LSGP  found  on  thymocytes.  T  cells,  and  the  brain, 
but  not  on  B  cells  [12].  In  this  respect,  the  tissue 
distribution  of  the  W3  T  3  antigen  is  similar  to  Thy  1 . 
In  the  marrow,  however.  W3  13  is  found  on  gran¬ 
ulocytes  plus  some  other  nucleated  cells  while  0X7 
labels  cells  with  a  ly  mphoid  morphology  [13],  Re¬ 
cently,  Dyer  and  Hunt  (14)  have  demonstrated  that 
W3  13  positive  bone  marrow  cells  are  capable  of 
permanently  rcpopulating  the  T-  and  B-ccll  com¬ 
partments  of  an  irradiated  host.  Because  both  lym¬ 
phocytes  and  granulocytes  are  believed  to  be  derived 
from  a  common  pluripotcni  hematopoietic  stem  cell 
(CFl'-S),  it  IS  likely  that  the  expression  of  VV3  13 
antigen  extends  back  into  the  UFl’-S  compartment. 

L-( '.A  has  been  detected  on  o\  er  95"'(i  of  rat  bone 
marrow  cells  [15).  making  it  likely  that  L-('.A  will 
be  found  on  rat  (  FU-S.  .Analysis  of  rat  L-U.A  by 
electrophoresis  in  sodium  dodeeyl  sulfate  gels  in¬ 
dicates  that  rat  L-U.A  exists  m  four  forms  of  222,000. 
200,000.  190,000,  and  180,000  apparent  molecular 
weight.  The  monoclonal  antibody  0X1  recognizes 
all  four  apparent  molecular  weight  forms  while  the 
monoclonal  antibody  0X22  recognizes  only  the  high 
molecular  weight  forms  jlh)  It  has  been  reported 
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that  the  high  molecular  weight  forms  of  murine 
L-CA  are  not  expressed  on  the  murine  CFU-S  [17] 
and  therefore  the  possibility  exists  that  the  rat 
CFU-S  also  does  does  not  express  the  high  molec¬ 
ular  forms  of  rat  L-CA. 

From  the  work  cited  above,  it  is  hypothesized  that 
the  phenotype  of  rat  CFU-S  is  0X7  positive,  W3/ 
1 3  positive,  OX  1  positive,  and  0X22  negative.  The 
purpose  of  this  study  was  to  develop  the  appropriate 
immunofluorescent  reagents  and  labeling  protocols 
enabling  this  hypothesis  to  be  tested  using  the  tech¬ 
nique  of  fluorescence  activated  cell  sorting. 

Materials  and  methods 

Rai^  Lewis  rals  were  obtained  from  Charles  River.  MA.  at  four 
weeks  of  age.  Expenmenis  were  performed  at  eight  w'ceks  of  age. 

C  ells.  Rats  were  killed  by  ether  anesthesia.  Single-cell  susi>en- 
sions  from  vanous  lymphoid  organs  were  prepared  in  phosphate- 
buffered  saline  containing  10%  fetal  calf  serum  (PBS-10%  PCS). 
Red  blood  cells  were  lysed  using  an  ammonium-chloride-potas¬ 
sium  buffer. 

CPr-.Va.S5av  A  total  of  1  x  |0Mol.5  x  10^  nucleated  rat  bone 
marrow  cells  m  1  ml  PBS~2%  PCS  was  injected  into  irradiated 
rat  recipients  (900  rad  total  body  radiation.  40  rad  mm  '^'Co). 
The  spleens  were  removed  11-12  days  after  injection  [18)  and 
fixed  in  Bouin  solution. 

Antthftdies.  0X7  HL  ascites  fluid,  PITC-W3  13  HLK,  and 
PITC-OXl  HLK  were  purchased  from  Pel  Prec/c  Biologicals 
(Rogers,  AR).  0X22  HL  ascites  fluid  was  purchased  from  Ac¬ 
curate  Chemical  (Wesibury.  NY).  FITC-P(ab  )..  goal-antimouse 
lg(i  (Pc  specific)  was  purchased  from  CappcI  Labs  (West  C  hester. 
PAi 

('•iniu^ufian  reuifefifs  Phscocrsthnn  R  (Pf).  its  psndvldisulfidc 
derivate.  dilhiothrcilol  (DTT).  and  succinimidNl-3-maIcimidyl 
ben/oaie  (SMB)  wore  purchased  from  Molecular  Probes  (Junc- 
Uon  (  it>.  OR) 

(  '•nn4i'an'<n  of  (>.\  "  i,>  /’/•.  A  total  of  0.1  ml  O.X7  ascites  was 
diluied  to  0  ^  ml  wiih  0  2  \f  NaPO,  0.1  \f  NaCl  pH  7.0:  15 
lambda  of  S\fH  solution  (4  33  mg  SMB  dissolscd  in  0.1  ml  in 
N  V-dimeth>l  formamide)  was  added  and  the  reaction  slopped 
1  h  later  h>  passage  o\er  a  P*  H)  gel  filtration  column  equilibrated 
wiih  i>  1  t/  NaPii,  (1  I  \f  Na<  1  pH  f.5.  The  solution  was  im- 
mcduielN  mixed  with  PP-SH  (which  had  been  previousU  gen- 
eraicd  Irom  the  PP-.S-S-p>nd>l  denvaiisc  b>  reduction  with  50 
mt/  DTT  at  a  final  wt  wt  ctinccntration  i>f  !  mg  PF.  I  mg 
( >\''  After  24  h.  the  PP-OX"'  ctmiugaic  was  separated  from  the 
nonkonfugaled  material  b>  passage  over  a  TSK-<i3000S\V  col¬ 
umn  (I  KB  ( laithersburg  MDl 

■■f  /7  f)\  lmmuni»globulin  was  prepared  from 

( )\  '  .isi.  lU-v  fluid  b\  pre*.  ipitation  w  iih  1  (wi  wt)  NaS(  L  The 
lg<r  was  ilograded  with  2"'fi  (wi  wii  pepsin  in  o  1  \f  Na  acetate 
pH  4  l«3r  2'!  h  at  (I  l|  Tab  fragments  were  generated  from 
the  Tub  1  preparation  bv  reduction  wiih  2(i  m  DI  T  in  0  I 
t/  Nd(  M I  I  tf  bnraIe-<  H I  s  itraie-2  ni  \/  PD  I  A  pH  5  0  ai 

_'4'(  h>r  UM  rnm  1  he  lab-Sfl  fragments  were  separaled  from 


the  DTT  by  passage  over  a  P-10  column  equilibrated  with  0. 1 
M  NaP04/0. 1  Af  NaCl  pH  7.5  and  allowed  to  react  with  malei- 
mide-PE.  The  maleimide-PE  was  prepared  as  described  above 
for  maleimide-OX7.  After  24  h.  ihe  PE-OX7Pab'  conjugate  was 
separaled  from  the  remaining  material  by  passage  through  a  TSK- 
G3000SW  column. 

C  ell  labeling.  Bone  marrow  cells  were  incubated  with  the  con¬ 
jugated  antibody(ies)  at  4*C  for  30-45  min.  Por  unconjugated 
antibodies,  bone  marrow  cells  were  incubated  with  the  pnmars 
(monoclonal)  antibody  at  4®C  for  30-45  min.  washed  twice  (4 
min  centrifugation  at  500 resuspended  in  PBS-10%  PC'S  plus 
the  PITC-labeled  secondary  antibody,  and  incubated  at  4%'  for 
30-45  min.  Labeled  cells  were  washed  twice  (4  min  centrifugation 
at  500  j?)  and  resuspended  in  PBS-2%  PCS.  at  a  concentration 
of  5-0.5  X  10*  cells/ml  for  cell  analysis  and  sorting  on  the  PAC'S- 
II.  All  reagents  were  titered  to  insure  maximum  labeling. 

Cell  sorting.  Dual  parameter  flow  cytometry  measurcmcnls  and 
sorting  were  made  with  the  FACS-II  (Beclon-Dickinson  FAC'S 
Systems,  Mountain  View.  CA).  The  argon  laser  was  tuned  at  488 
nm  and  run  at  400  mW.  The  emitted  fluorescence  light  was  passed 
through  a  520-nm  long-pass  filler  and  530-nm  senes-D  color- 
glass  filter  (Ditric  Optics.  Hudson.  MA)  and  through  a  dichroic 
(570  nm)  beam  splitter  (Becton-Dickinson.  Mountain  View.  CA) 
to  two  photomultiplier  tubes.  The  green  photomultiplier  tube 
was  shielded  with  a  530-nm  band-pass  filter  and  a  540-nm  short- 
pass  filler  (Ditric  Optics).  The  red  photomultiplier  was  shielded 
with  a  580-nm  series-D  color-glass  filter  and  a  590-nm  band¬ 
pass  filter  (Ditric  Optics).  The  green  PMT  was  set  at  850  V  and 
the  red  PMT  at  650  V.  The  compensation  for  the  red  fluorescence 
channel  was  set  at  3.6.  No  compensation  was  needed  for  the 
green  fluorescence  channel. 

Tn  the  results  reported  for  the  ce//-soning  experiments,  all  pos¬ 
itive  sorts  were  greater  than  92%  pure  while  all  negative  sons 
were  greater  than  95%  pure  as  determined  by  running  the  soned 
cells  back  through  the  FACS- 1! , 

C  FI  '  S  seeding  efficiency  The  2-h  and  24-h  seeding  efficiencies 
/  forC'FU-S  were  determined  according  to  the  method  ofSimino- 
viich  Cl  al.  (20).  Bnefly.  1.06  x  lO**  marrow  cells  from  a  pool  of 
five  donor  rats  were  injected  into  three  intermediate  recipients 
that  had  previously  been  irradiated  (900  rad  at  40  rad  min  *"('o) 
either  2  h  or  24  h  earlier;  2  h  later  ihe  intermediate  recipients 
were  killed  and  a  splenic  cell  suspension  was  prepared.  One-tenth 
of  an  equivalent  spleen  was  injected  intravenously  (i.v  )  into  ten 
secondary -irradiated  (900  rad  at  40  rad  mm  *''Co)  recipients;  1 1 
or  12  days  later  the  number  of  spleen  colonics  was  scored.  The 
C'FU-Scontcnl  of  the  original  cell  suspension  was  determined  as 
desenbed  above. 


Results 

C  yfidoMcilv  of  M'.?  Ijf,  ()\  I,  and 

OA  ’J  wonoclonal  antihodics 

The  first  experimem  listed  in  Table  I  shows  that 
labeling  marrow  cells  with  PF,-C^X7  and  FITC'-W3 
13  resulted  in  a  decrease  in  the  number  of  CTU-S 
that  could  be  delected  in  the  spleen  11  or  12  days 
after  injection.  Subsequent  experiments  (Table  I) 
indicated  that  this  could  be  ailribuled  solely  to  the 


K.F.  McC'arthv  et  al.;  Rai  C'R’-S  are  OX?  and  posiuve  and  <.)\22  negative 
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Table  1.  Effect  of  monoclonal  antibodies  on  the  development 
of  rat  bone  marrow  CR'-S 


C  Rf-S 

Ur  cells 

(mean 

•  SF) 

Exp 

Aniibods 

r)a\ 

1  U 

Dav  12 

1 

None 

FIT(  -\\  3  1.3  - 

29  S  • 

4.f  Ih)'- 

37.6  '  4.6 

IS)" 

PF-t)\’ 

6.0  • 

1.6  (61 

6  ■ 

(2) 

T 

None 

30  K  • 

y:  14) 

32.5  ■  -  9 

14) 

FITU-Wl  13 

3''.0  • 

■VO  (4) 

35.5  •  6  5 

(2) 

3 

None 

20.4  - 

14  (5) 

.12.6  •  1  7 

(5) 

PE-<3\^ 

4  4  • 

2.5  |5) 

9.5  *  3.2 

(4) 

FIT(  -<r\" 

2  5  • 

0  7  (6) 

3  3  ’  2.0 

(.1) 

OX"’ 

2  8  * 

0.9  (61 

3.3  •  0.3 

(4) 

4 

None 

34  0  • 

8  0  (21 

37  0  •  1.0 

(2) 

Pl-0\^Fah 
PF-<)X'’Fah  • 
FIT(  -Wf  I  f 


V  -  ' 


30  /  <  '  •  'i 

1  \  \  • 

20  -  •*  \ 


Green  Fluorescence  (log) 

FiR.  1.  Relative  fluorescence  distribution  of  marrow  cells  in¬ 
cubated  with  FJTC  -W’3  13.  The  leiiers  refer  to  the  sort  windows. 
The  distribution  is  from  a  total  count  of  30.000  cells.  Unlabeled 

cells - .  FITC-W3'  1 3-IabeIed  cells  -o-o-.  Mean  %  positive 

cells  from  ten  determinations  was  39.7  t  2.8  SE. 


5  None 

33.0  ♦ 

1,7  (4) 

36.7 

•  .V5  (.1) 

105  f 

0X1 

7,9  • 

4.7  (.1) 

7.9 

-  ().»  (-1) 

0X22 

22  I  • 

,1.2  (.1) 

34.2 

t  0  .1  0) 

90  ■ 

6  None 

32.0  • 

7.8  (.SI 

49,9 

•  106(5) 

75  - 

0X1 

4,9  ■ 

1.4(6) 

12.3 

2.7  (4) 

FIT(  -0X1 

15.3  • 

2.5(5) 

10.8 

-  2.0  (5) 

2  60  ■ 

'  The  da\  at  which  spleens  from  recipients  were  removed  for 
examination 

’  Values  in  parentheses  are  number  of  spleens  examined. 

All  antibo<j>*fluorochromc  preparations  were  titrated  to  give 
maximum  fluroesccnce  as  analyzed  b>  flow  cytometry. 

0X7  and  OX  I  were  used  at  a  final  dilution  of  4  lambdas  of 
1 : 100  dilution  of  ascites  fluid  per  10*"  cells  in  0. 1  ml. 


0X7  monoclonal  antibody  and  could  be  avoided 
by  using  the  PE-OX7  conjugate  in  its  Fab'  form. 
Other  experiments  listed  in  Table  1  show  that  la¬ 
beling  marrow  cells  with  0X1  and  FITC-OXl  also 
resulted  in  a  decrease  in  the  number  of  CFU-S  that 
could  be  detected  in  the  spleen  1 1  or  1 2  days  after 
irradiation.  This  loss  or  cytotoxic  killing  of  CFU-S 
was  not  observed  when  bone  marrow  cells  were  in¬ 
cubated  with  0X22  or  W3  1  3  monoclonal  antibod¬ 
ies 

Single  parameter  sorting  of  0X7 .  H  '3  U. 

0X22.  and  0X1  labeled  marrow  cells 

Figure  1  shows  that  labeling  nucleated  bone  marrow 
cells  with  FITC-W3  13  defined  two  cell  popula¬ 
tions:  a  bright  population  and  a  dim-negative  pop¬ 
ulation.  Sorting  the  cells  according  to  the  windows 
a,  b.  c.  and  d  as  identified  in  Figure  1  demonstrated 
that  rat  CFLI-S  are  W3  13  positive  (Table  2).  Fur¬ 
ther,  f  'FU-S  appeared  in  the  lower  50%  of  the  W3 
1  3  bright  or  positive  fraction  defined  as  window  c 
(Table  2.  exp,  2).  It  should  also  be  noted  that  labeling 


Red  Fluorescence  (logl 

Fig.  2.  RcJaiive  fluorescence  dislribuiion  of  marrow  cells  in¬ 
cubated  with  PE-OX7Fab'.  The  letters  refer  lo  the  sort  windows. 
The  distribution  is  from  a  total  count  of  30.000  cells.  Unlabeled 

cells - ;  PE-OX7Fab'-labcled  cells  -o-o-.  Mean  %  positive 

cells  from  ten  determinations  was  52.6  .t  2.6  SE. 


cells  with  PF-OX7Fab'  did  not  displace  FITC-W3 
13  from  CFU-S  (Table  2.  exp.  3). 

Figure  2  shows  that  51%  of  all  nucleated  bone 
marrow  cells  could  be  labeled  with  PE-OX7Fab'. 
Similar  results  were  obtained  with  FITC-0,X7  and 
PE-OX7  (data  not  shown).  The  CFU-S  was  found 
primarily  in  the  upper  20%  of  the  0X7  staining  cell 
population,  which  is  window  c  (Table  2.  exp.  4). 

Sorting  bone  marrow  cells  labeled  with  FITC- 
OX 1  demonstrated  that  those  CFU -S  which  escaped 
the  cytotoxicity  of  FITC'-OXl  arc  O.XI  positive 
(data  not  shown). 

Figure  3  shows  that  63%  of  bone  marrow  cells 
could  be  labeled  with  0X22  plus  FITC-F(ab');  goat- 
antimousc  IgCi  (Fc  specific)  antibody.  Sorting  these 
cells  according  to  windows  a  and  h  (Tabic  2.  exp. 
5)  demonstrated  that  CFU-S  are  0X22  negative. 
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Table  2.  Development  of  spleen  colonies  from  stngle-parameter  sorted  cells 


Maxtmum  calcu* 
CFTJ-S/ lO*  cells  lated  enrichment:' 


Exp 

Reageni 

Sort 

window* 

%  Cells  in 
window 

(mean 

Day  ir 

^  SE) 

Day  12 

CFU-S.  10* 

Day  1 1  Day  1 2 

1 

FITr-W'3  13 

a  ^  b 

56 

_ 

6.9  1  1.6 

_ 

65 

(6)‘ 

c  d 

44 

- 

53.6  t  3.9 

- 

83 

(7) 

Irradiated 

- 

0.8  ±  0.5 

- 

- 

control^ 

(5) 

2 

F1TC-W3  13 

a 

23 

0 

— 

134 

- 

(i)‘ 

b 

28 

3  3  r  19 

- 

1 10 

_ 

(3) 

c 

25 

Confluent' 

- 

124 

- 

(4) 

d 

25 

6.5  ±  1.2 

- 

124 

- 

(4) 

3 

FITr-W3  13  and  PE-OX7Fab  but 

a  *  b 

54 

6.3  ±  2,1 

_ 

57 

— 

sorted  only  on  FITC-W3  13  green 

(4) 

fluorescence 

c  *  d 

46 

25.0  r  4.5 

— 

67 

- 

(4) 

Irradiated 

2.5  ±  0.5 

- 

- 

- 

control 

(2) 

4 

FITC'-W3  13  and  PE-OX7Fab  but 

b 

42 

3.0  ±  0.9 

3,1  r  1.1 

74 

87 

sorted  only  on  PE-OX7Fab'  red 

(4) 

(3) 

fluorescence 

c 

10 

304.0  t:  25.2 

328.4  r  40,3 

309 

365 

(5) 

(5) 

Irradiated 

0 

3.0 

- 

- 

control 

(1) 

(1) 

5 

0X22  *  FITC-F(ab  ),  GAMIgG(Fc) 

a 

36 

95.5  1  18.1 

1 13.4  ;  1 1,9 

86 

101 

(4) 

(4) 

b 

64 

6.2  ±  2,2 

7.4  1  2,5 

48 

57 

(4) 

(2) 

•  See  Figure  1 .  Figure  2.  or  Figure  3. 

"  Das  at  which  spleens  from  reciptent  rats  were  removed  for  examination. 
Number  in  parentheses  refers  to  number  of  spleens  examined, 

‘  Expressed  as  number  of  nodules  per  spleen, 

*  0  50  ■  in'*  cells  injected  results  in  confluence  of  colonies  m  recipient  spleen. 
'  See  footnote  to  T  able  3 


Dual  parameter  s<<rnn^  O.X  "'  and  11',?  /,?  ar 
().\~  and  0.\22  double- labeled  eclls 

To  determine  whether  both  PE-OX7  and  FITC- 
W  .3  1,3  could  simultaneously  identify  CFU-S  as 
would  be  indicated  by  experiments  3  and  4  in  Table 
2.  a  double-labeling  and  sorting  experiment  was  per¬ 
formed.  As  seen  in  Figure  4.  following  incubation 
with  PE-OX7Fab'  and  FITC'-W3  13  and  analysis 
on  FACS-II,  three  major  marrow  subpopulations 
were  distinguished  In  this  analysis  it  was  deter¬ 
mined  that  42%  of  marrow  cells  were  W3  13  neg¬ 
ative  and  OX"?  positive.  14%  were  double  negative, 
and  3'9%  were  W3  13  positive  and  0X7  negative, 
while  only  4%  were  double  positive.  After  sorting 


and  injection  of  the  double  positive  fraction  into 
irradiated  recipients,  however,  it  was  determined 
that  82%  of  all  recovered  CFU-S  were  found  in  the 
double  positive  window  (Table  3,  exp.  1).  When 
marrow  cells  were  sorted  for  the  0X7  upper  20% 
positive  and  the  3'’  ’  I  3  lower  50%  positiv  e,  an  88- 
fold  enrichment  of  CFU-S  was  realized  (Table  3, 
exp.  2). 

By  double  labeling  bone  marrow  cells  with  PE- 
OX7Fab’  and  0X22  plus  F1TC-F(ab  );  goat-an- 
timouse  IgG  (Fc  specific)  (Fig,  5).  it  was  found  that 
37%  of  marrow  cells  were  double  negative.  6%  were 
0X7  positive  and  0X22  negative,  50%  were  double 
positive,  and  7%  were  O.X7  negative  and  0X22 
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Table  3.  LX'velopment  ot  spleen  colonies  from  dual  parameter  sorted  cells 


%  (  eJK 

(FO-S 

(mean 

10' cells 
-  SE) 

Maximum  calculated 
ennehmenr 
CFL’-S  10"  cells 

Exp 

Son  window* 

in  window 

l)a>  II 

Day  12 

Day  11 

Day  12 

1 

■All  W3  13  posiii\o  OX''  pos- 
Hive 

4.00 

326.8  -  20.8 
(4) 

445.0  *  57.8 

(41 

772 

913 

All  cells  oiher  than  W3  1 .3 
positive.  0X7  positive 

96.00 

7.5  -  5.6 
(31 

4.0  1  0.5 
(3) 

32 

38 

s 

W3  13  fraction  c  OX’’  frac¬ 
tion  c 

Irradiated  cuniror 

0.45 

2540.0  2  157.9 
(4) 

0.0 

11) 

3180.0  1  123.8 

14) 

3.0 

(1) 

6867 

811  1 

y 

All  0X22  negative.  OX" 
fraction  c 

0.4? 

4380.0  ±  506.4 
(5) 

4600.0  -  2)4.5 
(6) 

6574 

7766 

All  cells  other  than  0X22 
negati\e.  OX"  fraction  c 

99.53 

3.4  -  0.7 
(5) 

2.3  *  0.9 
(4) 

31 

37 

'  Sec  appropnatc  Figures. 

■'  Expressed  as  nodules  per  spleen 

Due  to  the  large  number  of  rats  required  for  these  expenments.  it  was  not  always  possible  to  run  a  normal  rat  marrow  control  with 
each  experiment.  Therefore,  the  maximum  calculated  enrichment  was  calculated  from  an  average  of  eight  C'FT  '-S  determinations  using 
normal  marrow  that  vielded  30.^  r-  48CFT-S  Kr  cells  as  measured  at  day  11  and  36.5  .*  3.1  CFT-S  10'’ cells  at  day  12.  Assuming 
a  100%  recover)  of  (  FT’-S  and  that  all  CR’-S  arc  defined  h>  the  parameters  listed  in  the  second  column,  these  normal  CFl'-S 
incidence  values  were  then  duidcd  h>  the  percent  cells  in  windows  for  the  respective  expenments  to  give  a  maximum  calculated 
enrichment. 


positive.  It  should  be  noted  that  the  second  antibody 
also  tagged  0X22  negative  and  sig  positive  cells. 
Sorting  on  the  parameters  upper  20%  OX 7  positive 
and  0X22  negative  resulted  in  a  127-fold  enrich¬ 
ment  of  CFU-S  (Table  3,  exp.  3).  It  was  calculated 
that  90%  of  all  recov  ered  CFU-.S  were  defined  by 
these  parameters. 

Concentration  of  0X7  upper  20%  positive. 
fCJ  13  lower  50%  positive,  and  0X22  negative 
cells  m  the  marrow 

To  arrix  e  at  the  concentration  of  cells  in  the  marrow 
characterized  by  the  phenotype  0X7  upper  20% 
positive.  W3  1 3  lower  50%  positive,  and  0X22  neg¬ 
ative,  0X22  negative  cells  were  first  separated  from 
0X22  positive  cells  by  sorting  on  the  FACS-It  and 
then  relabeled  with  PE-OX7Fab'  and  FITC-W3  1  3 
and  reanalyzed  on  the  FACS-II.  Using  this  approach 
it  was  possible  to  estimate  that  the  number  of  0X7 
upper  20%  positive.  W3  1  3  lower  50%  positive,  and 
0X22  negative  cells  in  the  marrow  is  3085  2;  1446 
10'’  cells  (Table  4). 

Eslimaliiin  of  the  CEL  '-S  concentration  in  rat 
hone  marrow  based  on  the  seedin.g  efficiency  f 

In  the  mouse  and  rat.  the  concentration  of  CFli-S 
10''  marrow  cells  can  be  estimated  by  use  of  the 
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Fig.  .F.  Rclaioc  disinbulion  of  marrow  cclK  incubated  with 
0X2-  plus  FIT('-F(ab  );  goat-antimouse  IgCi  (Fc  spcciftc)  The 
tellers  refer  lo  Ihc  son  windows.  The  dislnbution  is  from  a  loial 
count  of  30.000  cells  Cells  labeled  with  F1TC-F(ab  ).-  goat-an- 

timousc  (Fc  spccilicl - ,  or  O.X22  plus  FITC -F(ab  goal- 

antimousc  (Fc  spccificl  -o-<j-.  Mean  %  ncgatisc  cells  from  eight 
determinations  was  41  (1  -  2.2  SE, 


seeding  elficiency  /  This  factor  takes  into  account 
that  only  a  small  percentage  of  the  f  'Fli-S  injected 
i.v.  ever  lodge  in  the  recipient  spleen.  Two  estimates 
of  /  that  are  most  widely  used  arc  those  that  are 
derived  from  mice  or  rats  irradiated  2  h  or  24  h 
prior  to  their  use  as  intermediate  recipients.  The 
24-h  postirradiation  seeding  efficiency  is  believed 
to  lake  into  account  postirradiation  splenic  shrink¬ 
age  and  therefore  the  24-h  /  is  usually  less  than  the 


I  xpcnnu-nfal  ui) 


TO  parameters  detining  this  vsinJovs  were  determineil  using  nt>rmiil  marrow  before  making  the  measurements  with  the  OX^.-negatise 
arrow 


2-h  /.  This  pattern  was  alst)  obserseil  in  the  present 
experiments  (Table  5).  Depending  on  whether  the 
2-h  or  24-h  i  was  used  in  the  ealeulation.  it  was 
determined  that  rat  marrow  ( TT  -S  eoneentration 
is  501  or  1415  10'  cells,  respectiseh  (  fable  5). 

Discussion 

I'sing  the  reagents  PE-0.\''Tah  .  f  IK  -\\  .5  1 .5,  and 
0X22  plus  FJTf  -F(ab  >  goal-anumouse  Jg(j  (FV 
spccitic)  and  the  technique  otTluorescence  actixated 
cell  sorting,  it  was  possible  to  demonstrate  that  the 
phenotv  pe  of'the  rat  (  Ff  -S  is  ( ).\  '  u[i|)er  20'’ii  [)os- 
itivc.  15  lower  50‘’ii  positive,  and  0\22  nega¬ 
tive.  A  combination  of  OX  I  cstotoxicitv  and  cell 
sorting  also  demonstrated  that  the  rat  (  IT  -S  is 
OX  I  positive. 


Sigmiicant  enrichment  of  (  FI  -S  was  achies  ed  b\ 
gating  on  the  set  of  parameters  0,\^  upper  20"ii 
positive.  \V5  15  lower  50"ii  positive  or  0X7  upper 
2o"(i  positive,  and  (5X22  negative,  dating  on  the 
former  set  of  sort  parameters  resulted  in  an  8\S-fold 
purification  of  (  Ft  -S.  while  gating  on  the  latter  set 
of  sort  parameters  resulted  in  12’’-fold  purilication 
of('Fl  '-S  Of  the  several  csperimcnts  designed  to 
achieve  maximum  purification  olCFl'-S.  the  one 
viclding  the  highest  puritv  ol  (T  l  -S  was  that  using 
tile  sort  parameters  OX'’  upper  l(l"ii  [lositive  and 
W5  15  lower  5()"(i  positive  (data  not  shiwvn).  Fn- 
richment  off  FI  -S  approaching  I  ((.()()(»(  f  t  -S  I  O' 
cells  was  achieved,  but  onlv  50"ci  ol  the  recovered 
CFl  '-S  were  found  to  be  characteri/ed  bv  this  plic- 
notvpe. 

I  he  concentration  of  cells  in  rat  marrow  with  the 
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Table  5.  Determination  of  seeding  efficiency  / 


Cells  injecied 

Recipient 

CFU-S/ spleen 

CPUS  10*  cells  / 

Corrected 

CFL’-S 

10*  cells 

Day  II 

0.775  X  I0‘ 

Primary 

21.8  +  5.2(5) 

28,12  r  6.7 

106  X  lO* 

2-h  intermediate 

24'h  intermediate 

10%  of  interme- 

diate  spleen 

2-h  secondary 

29.0  ±  3.5  (4) 

9,7% 

289 

24-h  secondary 

11.5  ±  2.5(4) 

3.9% 

721 

Irradiated  control 

0.8  -  0.2  (6) 

Day  12 

0.775  X  10” 

Primary 

35.3  i  2.9(3) 

45.6  I  3.8 

106  X  lo- 

2-h  intermediate 

24-h  intermediate 

10%  of  interme- 

diate  spleen 

2-h  secondary 

41.4  i  4.5(5) 

9.1% 

501 

24-h  secondary 

14.5  ±  2.5(2) 

3.2% 

1415 

Irradiated  control 

0.6  ±  0.3(3) 

phenotype  0X7  upper  20%  positive,  W3/13  lower 
50%  positive,  and  0X22  negative  was  determined 
to  be  3085  ±  1446/10*'  cells.  For  the  purpose  of 
discussion,  if  it  is  assumed  that  in  the  marrow  only 
CFU-S  are  characterized  by  this  phenotypte,  then 
the  actual  concentration  of  marrow  CETJ-S  would 
be  twofold  to  ninefold  higher  than  those  values  for 
marrow  CFU-S  concentration  determined  using  the 
classically  defined  seeding  efficiencies  /  Depending 
on  whether  a  2-h  or  24-h  /  was  used,  it  was  calcu¬ 
lated  that  stem  cells  are  present  in  rat  marrow  at  a 
cjncentration  of  501  or  1415  CFU-S/IO*’  cells,  re¬ 
spectively.  Alternatively,  using  the  extrapolation 
method  described  by  Van  Bekkum  [21]  to  measure 
f.  which  generates  a  value  of  0.7%  and  a  rat  marrow 
stem  cell  incidence  of  7000  CFU-S/ lO*  cells,  it  might 
also  be  concluded  that  not  all  rat  CFU-S  are  char¬ 
acterized  by  the  above-mentioned  phenotype. 

In  the  mouse  it  has  been  determined  that  the  con¬ 
centration  of  marrow  CFU-S  is  between  1090  (2-h 
f)  and  3585  (24-h  /VI 0"  cells  [22].  Although  these 
values  for  murine  CFU-S  concentration  are  consis¬ 
tent  with  that  suggested  by  flow  cytometry  for  rat 
CFU-S  concentration,  these  values  for  murine 
CFU-S  concentration  are  not  consistent  with  the 
values  for  rat  CFU-S  concentration  determined  us¬ 
ing  /  A  possible  discrepancy  that  might  arise  be¬ 
tween  the  CFU-S  assay  in  the  rat  and  mouse  is  that 
in  both  species  the  hematopoietic  colonies  that  de¬ 
velop  in  the  spleen  are  approximately  the  same  size 
yet  the  rat  spleen  is  5-10  times  larger  than  the  mu¬ 
rine  spleen.  It  is  likely  that  those  colonies  growing 
in  the  interior  of  the  rat  spleen  would  have  a  higher 


probability  of  going  undetected  by  gross  examina¬ 
tion  of  the  recipient  spleen  than  those  interior  col¬ 
onies  growing  in  murine  spleen. 

An  alternative  explanation  would  be  that  the  mu¬ 
rine  spleen  supports  the  growth  of  spleen  colonies 
that  are  not  only  derived  from  multipotent  CPTJ-S 
but  also  committed  CFU-S.  The  latter  type  of  col¬ 
onies  are  observed  at  eight  days  after  transplantation 
and  some  of  them  disappear  by  day  1 2  (23).  Further, 
the  murine  eight-day  CFU-S  has  a  different  phe¬ 
notype  than  the  12-day  CFU-S  [24].  In  the  rat,  no 
eight-day  CFU-S  colonies  are  observed.  All  spleen 
colonies  are  scored  between  1 1  and  1 2  days  after 
implantation  [18].  Thus,  the  murine  CFU-S  assay 
may  overestimate  the  actual  concentration  of  mar¬ 
row  hematopoietic  stem  cells.  The  work  of  Boggs  et 
al.  [25]  presents  evidence  that  this  may  be  true. 
Using  a  limiting  dilution  assay  based  on  the  cure  of 
anemic  W/W''  mice  by  -!-/-(-  marrow  transplanta¬ 
tion.  they  were  able  to  calculate  that  the  concentra¬ 
tion  of  stem  cells  in  the  mouse  is  approximately  100 
CFU-S/ 10*'  cells. 
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The  restorative  effect  of  thymosin  fraction  5  (TF5)  on  the  thymus  of  y-irradiated  mice  was 
examined.  Four  different  mouse  strains  were  used  in  this  study  since  earlier  work  determined 
that  the  degree  of  response  to  TF5  is  strain  dependent.  The  responsiveness  to  comitogenic 
effect  of  interleukin  1  (IL-1)  was  used  to  measure  the  rate  of  recovery  of  immunocompetent 
cells  in  the  thymus,  since  only  more  mature  PNA‘,  Lyt-U-2'  medullary  cells  respond  to  this 
monokine.  Contrary  to  several  earlier  reports  that  radioresistant  cells  repopulating  the  thymus 
within  the  first  10  days  after  irradiation  are  mature,  corticosteroid  resistant,  immunocompetent 
cells,  the  thymic  cells  from  irradiated  mice  in  all  strains  used  had  greatly  reduced  responses  to 
IL-1.  Daily  intraperitoneal  injections  of  TF5  increased  significantly  the  responses  of  thymic 
cells  to  IL-1  in  10-  to  13-weeks-old  C57B)/KsJ.  C57B)/6.  C3HyHeJ.  and  DBA/1  mice.  Older 
mice.  5  months  or  more  in  age,  of  DBA/1  strain  did  not  respond  to  treatment  with  TF5. 
However.  C3H/HeJ  mice  of  the  same  age  were  highly  responsive.  In  conclusion.  (1)  cells 
repopulating  the  thymus  within  12  days  after  irradiation  contain  lower  than  normal  fraction 
of  mature  IL-1  responsive  cells,  (2)  thymic  hormones  increase  the  rate  of  recovery  of 
immunocompetent  cells  in  the  thymus,  and  (3)  the  effect  of  thymic  hormones  is  strain  and  age 
dependent.  C  |98?  Academic  Press.  Inc 


INTRODUCTION 

Clinical  and  experimental  data  have  firmly  established  that  the  thymus  gland  is 
of  critical  importance  for  the  normal  development  and  acquisition  of  T-cell  function. 
However,  although  it  is  recognized  that  T-cell  proliferation  and  differentiation  take 
place  in  the  thymus,  it  is  by  no  means  clear  how  these  processes  are  regulated 
[reviewed  in  Ref.  (1)]. 

Much  work  has  been  presented  to  show  that  soluble  substances  extracted  from 
the  thymus,  referred  to  as  thymic  hormones,  affect  many  parameters  of  cell- 
mediated  immune  responses  and,  therefore,  may  be  the  inducers  of  thymic  immu- 
nocompetence  (2-7).  Some  of  these  hormone  preparations  stimulate  maturation 
and  proliferation  of  T  cells  (8-10).  Most  of  these  studies  have  demonstrated  these 


'  Research  was  conducted  according  to  the  principles  enunciated  in  the  “Guide  for  the  Care  and  Use 
of  l  aboratory  Animals"  prepared  by  the  Institute  of  Laboratory  Animal  Resources.  National  Research 
Council. 
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effects  of  thymic  hormones  on  T  cells  from  bone  marrow  or  spleen,  whereas  studies 
of  effects  of  thymic  hormones  on  thymocytes  themselves  are  few  and  controversial. 
Using  thymocytes  from  children  undergoing  open  heart  surgery.  Ho  cl  al.  (11) 
showed  that  incubation  with  thymosin  fraction  5  (TF5)  or  (c,.  enhances  expression 
of  OKT-3  and  decreases  TdT  markers,  an  indication  of  maturational  changes  for 
human  thymocytes.  Following  in  vitro  incubation  with  100  jug/ml  of  TFS  murine 
thymocytes  exhibited  enhanced  production  of  interleukin  2  (IF-2)  and  colony- 
stimulating  factor  (CSF)  (12).  TF5  acted  on  mature  PNA  cells  since  an  enrichment 
for  PN.A  cells  but  not  PNA'  cells  resulted  in  .significantly  increased  responsiveness. 
Other  reports  indicate,  however,  that  incubation  of  the  thymus  or  thymic  cells  with 
thymic  hormones  did  not  result  in  changes  in  cell  markers  or  in  acquisition  of 
functions  characteristic  of  mature  medullary  thymocytes  (1.3.  14). 

The  negative  results  in  the  above  experiments  may  relate  to  the  complex 
immunomodulatory  mode  of  action  of  thymic  hormones.  The  effects  exerted  by 
TF3.  which  is  a  preparation  extracted  from  bovine  thymus  and  consists  of  40-50 
polypeptides  ( 15),  serve  to  illustrate  this  point.  TF5  was  shown  to  be  most  effective 
in  a  large  number  of  clinical  and  experimental  systems  when  used  in  treatment  of 
immunodeficiency  states  [reviewed  in  Ref.  (16)].  For  example,  mouse  strains 
susceptible  to  infections  with  Candida  albicans  or  low  responders  in  the  in  vivo 
release  of  lymphokines,  migration  inhibitory  factor  (MIF).  or  Interferon-y  (IFN-7). 
become  resistant  and  highly  responsive  following  daily  administration  of  5  Mg  of 
TF5.  Both  responses  of  resistant  high-responder  mice,  however,  were  lowered 
following  similar  administration  of  TF5  (17,  18).  Therefore,  it  appears  that  recon¬ 
stitution  of  immunologically  defective  function  rather  than  augmentation  of  normal 
levels  of  responses  characterizes  the  action  of  hormones  such  as  TF5. 

Ionizing  radiation  has  a  profound  suppressive  effect  on  the  thymus  gland.  A 
dramatic  involution  in  the  murine  thymus  develops  following  even  low  doses  (150- 
200  cGy)  of  y  irradiation.  Regeneration,  as  measured  by  weight  and  mitotic  index, 
begins  5-7  days  after  irradiation  (19).  The  thymuses  of  radiation-immunocompro¬ 
mised  mice  may  present  a  convenient  model  to  observe  the  effect  of  thymic 
hormones  on  the  maturation  of  the  cells  in  the  thymus.  We  have,  therefore, 
examined  the  restorative  effect  of  treatment  with  TF5  on  the  thymic  cells  from 
irradiated  mice.  Previous  work  has  established  that  the  effectiveness  of  treatment 
with  TF5  varies  widely  in  different  strains  of  mice.  C3H/HeJ  mice  susceptible  to 
infection  with  C.  albicans  and  low  responders  in  the  in  vivo  release  of  MIF  and 
IFN-y  become  resistant  and  release  high  titers  of  the  two  lymphokines  into 
circulation  following  daily  administration  of  TF5.  However.  RF/J  and  DBA/1 
strains,  that  are  also  susceptible  and  low  responders,  were  not  affected  by  hormone 
administration  ( 17.  18).  In  addition.  C57Bl/KsJ  and  C57BI/6  mice,  that  are  normally 
resistant  and  high  responders,  become  susceptible  and  low  responders  to  albicans 
when  compromised  by  induction  of  a  diabetic  condition  (20).  These  two  strains 
also  responded  to  treatment  with  thymosin  with  enhanced  resistance,  lymphokine 
release,  and  delayed  footpad  reaction  to  C  albicans  The  above  mouse  strains  were 
chosen  for  this  study  of  the  effect  of  administration  of  TF5  on  the  rate  of  recovery 
of  immunocompetent  cells  in  the  thymus  of  irradiated  mice. 

Thymic  involution  that  begins  at  puberty  is  presently  not  understood.  Since  it  is 
possible  that  this  proce.s.s  depends  on  reduced  production  and/or  responsiveness  to 
thymic  hormones,  mice  ranging  in  age  from  10  weeks  to  6  months  were  included 
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in  the  experiments.  As  a  measure  of  thymocyte  function,  we  have  chosen  to  assay 
changes  in  responsiveness  to  IL-1,  since  previous  work  established  that  only  more 
mature  PNA'  Lyt-l^-2“  cells  respond  by  proliferation  in  this  assay  (21-24). 

In  this  paper  we  demonstrate  that  following  irradiation  with  450  cGy  administration 
of  TF5  accelerates  the  rate  of  recovery  of  IL-1  res|X)nsive  cells  in  the  thymus.  This 
effect  is  strain,  as  well  as  age  dependent. 

MATERIALS  AND  METHODS 

Mice.  Inbred  strains  of  female  mice  (C57BI/KsJ,  C57B1/6J,  DBA/IJ,  and  C3H/ 
HeJ)  were  obtained  from  Jackson  Laboratories,  Bar  Harbor,  Maine.  The  mice  were 
housed  in  the  Veterinary  Medicine  Department  facility  at  the  Armed  Forces 
Radiobiology  Research  Institute  in  cages  of  10-12  mice  with  filter  lids.  Standard 
lab  chow  and  HCL  acidified  water  (pH  2.4)  were  given  ad  libitum.  All  cage  cleaning 
procedures  and  daily  injections  were  carried  out  in  a  microisolator. 

Irradiation.  Mice  were  placed  in  Plexiglas  restrainers  and  given  whole-body 
irradiation  at  0.40  Gy/min  by  bilaterally  positioned  cobalt-60  elements.  The  total 
dose  was  4.5  Gy  (450  rad). 

Thymo.sin  fraction  5  This  was  obtained  through  the  courtesy  of  Dr.  Allan 
Goldstein,  Department  of  Biochemistry,  The  George  Washington  University  School 
of  Medicine.  Washington,  D.C.  The  control  fraction,  kidney  fraction  5.  was  also 
kindly  provided  by  Dr.  Goldstein.  Both  lyophilized  fractions  were  diluted  in  pyrogen- 
free  saline  (Travenol  Labs.)  containing  100  U/ml  of  penicillin  and  100  Mg/ml  of 
streptomycin  to  a  final  concentration  of  10  ;tg/ml.  Each  mouse  received  0.5  ml 
daily  intraperitoneal  injection. 

Thymic  cell  suspensions.  Three  to  six  mice  per  experimental  group  were  sacrificed 
via  ether  anesthesia  on  the  days  postirradiation  as  noted.  Thymuses  were  removed, 
cleared  of  any  parathymic  lymph  nodes,  and  placed  in  Hanks’  balanced  salt  solution 
(HBSS — GIBCO)  on  ice.  Single  cell  suspensions  were  prepared  by  passing  the 
thymuses  through  a  Millipore  screen  (20-mm  diameter)  and  then  a  23-gauge  needle 
and  syringe.  The  cells  were  washed  two  times  in  HBSS  (200  g,  lO  min,  4°C).  and 
resuspended  in  complete  rnedium  containing  RPMI  1640,  10%  calf  serum  (Hyclone), 
100  U/ml  penicillin,  100  ^g/ml  streptomycin,  10  '  M  2-mcrcaptocthanol,  and  2 
m.l/  l  -glutamine.  Viability  for  all  cell  suspensions  was  found  to  alw'ays  be  >95%. 

IL-1  preparations.  Two  preparations  of  IL-1  were  used.  IL-1  purchased  from 
Genzyme  with  a  sp  act  of  100  U/ml  was  used  at  a  final  concentration  of  5  and  1 
U/ml  (Lot  Nos.  094a.  095a).  lL-1  was  also  prepared  in  the  laboratory  according  to 
Gery  et  al.  (25).  Briefly,  resident  peritoneal  macrophages  were  lavaged  from  C57B1/ 
6  mice.  Cell  suspensions  containing  2  X  10^  cells/ml  were  allowed  to  adhere  for  2 
hr  to  the  surface  of  plastic  Costar  2506  multiwell  dishes  and  then  after  removal  of 
non-adherent  cells,  were  incubated  for  24  hr  at  37°C  in  5%  CO:  with  20  /ig/ml  of 
lipopolysaccharide  (Difeo.  Detroit.  Mich.)  and  60  ^/g/ml  of  silica  (gift  from  Dr. 
Alison  D.  O’Brien,  Department  of  Microbiology,  Uniformed  Services  University  of 
the  Health  Sciences)  prepared  as  specified  (26).  The  supernatants  were  used  in 
dilutions  ranging  from  1:50  to  1:250.  Controls  which  consisted  of  cell  culture 
supernatants  to  which  LPS  and  silica  were  added  at  the  termination  of  the  culture 
did  not  have  any  stimulatory  effect. 
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IL-I  assays.  The  assay  was  performed  as  previously  described  (25).  Briefly, 
triplicate  cultures  for  each  IL-1  dilution  and  background  control  were  set  up  in  96- 
well  flat-bottom  microtiter  plates  (Costar  3596,  Cambridge,  Mass.).  Two  cell 
concentrations  were  used  in  each  assay,  usually  0.1  ml/well  of  3  X  10^  cells/ml  or 
1.5  X  10’  cells/ml.  PHA  (Wellcome  Burroughs,  Greenville,  N.C.)  was  added  to  the 
ceil  suspensions  at  a  final  concentration  of  1.0  Following  48  hr  incubation 

at  37°C  in  5%  COj,  cells  were  pulsed  with  I  /iCi  [^H]thymidine  per  well.  The  cells 
were  harvested  18  hr  later  (Skatron  Cell  Harvester,  Sterling,  Va.)  onto  glass  filters 
which  were  then  counted  in  Scintiverse  11  on  a  Mark  III  Scintillation  counter  to 
determine  thymidine  uptake.  Statistical  analyses  were  performed  using  Student’s 
t  test. 


RESULTS 

(I)  C57Bl/KsJ.  Mice  of  this  strain,  when  immunocompromised  by  induction  of 
diabetes,  became  responsive  to  TF5  in  that  they  developed  enhanced  resistance  to 
C.  albicans,  increased  titers  of  MIF  and  IFN-7,  and  increased  delayed  footpad 
hypersensitivity  (20).  We  performed  three  series  of  experiments,  each  with  10-12 
mice  per  group.  Since  variations  were  detected  in  the  baseline  responses  in  each 
series,  the  results  of  the  experiments  were  not  combined.  Table  1  summarizes  one 
series  of  these  experiments  that  compares  the  magnitude  of  comitogenic  effect  of 
IL-I  in  thymocytes  from  TF5-treated  and  control  mice.  Mice  were  3  months  old  at 
the  time  of  irradiation  with  450  cGy.  The  results  are  expressed  as  mean  counts  per 
minute  (cpm)  ±  standard  deviation  (SD)  of  triplicate  culture  containing  1.5  or  3.0 
X  10*  thymic  cells  per  well  incubated  with  or  without  1:100  dilution  of  lL-1 
preparation  (equivalent  to  5  units  per  ml  of  Genzyme  IL-I).  The  responses  to  two 
other  concentrations  of  IL-1  used  in  each  assay  indicated  the  linearity  of  respon¬ 
siveness  to  IL-1  (data  not  shown).  It  is  apparent  that  normal  C57Bl/KsJ  mice  can 
be  characterized  as  low  responders  to  IL-I.  The  recovery  of  cells/thymus  on  a  given 
day  after  irradiation  is  very  similar  for  the  individual  experimental  groups  and 
agrees  with  previously  published  observations  on  the  initial  cell  recovery  in  the 


TABLE  I 

Fffcci  of  Thymosin  Fraction  5  on  Comitogenic  Response  of  Thymocytes  from  C57BI/KsJ  Mice  to  IL-1 


I  reatment 

D  + 

6 

D  + 

9 

D  + 

12 

1 1,-1 

Control 

IL- 

1 

Control 

IL-I 

Control 

I  hvmosin 

2.174.1  ±  7678 

527  t 

284 

224,12  ± 

10489 

444 

+ 

15 

14989  + 

1050 

2671  ± 

21 

fraction  5 

(1.1  > 

10’) 

(8.0  X 

10’) 

(5.3  X 

10’) 

■Saline 

814  +  281 

267  t 

66 

791  ± 

1.16 

281 

3.3 

400  ± 

75 

448  + 

41 

( 1  0  V 

10’) 

(8.0  X 

10') 

(5,2  X 

10’) 

Irradiated 

1174  +  55.1 

721  + 

42.1 

293  ± 

119 

.148 

*- 

187 

229  t 

71 

102  t 

19 

only 

(1.8  > 

10’) 

(9.0  X 

10’) 

Normal. 

1709  t 

486 

779 

V 

175 

2287  » 

477 

.109  * 

3 

non-iiradialed 

\i>te  IhvmtKvics  were  recovered  at  days  after  irradiation  and  cultured  at  a  cell  concentration  of  1  I'  x  lo*  cclls/well 
(for  t)  +  fi)  or  .VO  ;■  10*  cells/well  (for  D  +  9  and  f>  +  12).  Results  arc  mean  cpm  ♦  SI)  or  tnplicate  cell  cultures  with 
^  unils/ml  of  II  -  I  or  of  c<introls  The  numhers  in  parentheses  are  the  number  of  cells  recovered  per  thymus 
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thymus  of  irradiated  mice  (19).  A  striking  difference,  however,  may  be  observed  in 
the  responsiveness  of  cells  to  IL-1.  The  TF5-treated  thymocytes  responded  significantly 
more  than  the  control  and  the  saline-treated  or  irradiated  groups.  In  two  additional 
series  of  experiments  1 0-week-old  mice  were  used,  since  8-  to  10-week-old  CD-I 
mice  respond  to  IL-1  with  peak  activity  (27).  Although  much  higher  number  of 
cells/thymus  were  recovered  from  the  normal.  lO-week-old  C57BI/KsJ  mice  (ranging 
from  2.3  to  4.0  X  10*  cells),  the  thymocytes  in  response  to  1:100  dilution  of  IL-1 
incorporated  only  2-4  X  10’  cpm  of  ’HTdR.  Thus,  lower  levels  of  response  were 
observed  in  thymuses  with  higher  cellularity.  At  Days  6.  9.  and  13  after  irradiation 
the  TF5-treated  mouse  thymocytes  from  C57BI/KsJ  mice  responded  at  73,  129  ±  7. 
and  80  ±  60%  of  normal  control  responses,  respectively.  The  saline  or  kidney 
fraction  5-treated  control  groups  had  only  19,  41  ±  37,  and  10  ±  9%  .  and  irradiated 
mice  had  only  40.  8  ±  11.  and  1 3  ±  8%  of  normal  control  responses  on  the  same 
days.  Therefore,  despite  the  reduced  effect  of  the  treatment  with  TF5  in  10-week- 
old  C57Bl/KsJ  mice  a  marked  greater  response  was  still  obtained  from  TF5-treated 
than  from  saline/kidney  fraction  5-treated.  or  irradiated  mice.  We  conclude, 
therefore,  that  treatment  with  TF5  in  comparison  with  saline  or  kidney  fraction  5, 
enhances  the  recovery  of  IL-1  responsive  cells  in  the  thymuses  of  irradiated  mice. 

(2)  C57BI/6.  Twelve-week-old  C57BI/6  mice  were  used  in  three  series  of  experi¬ 
ments.  Since  in  C57Bl/KsJ  mice  a  strong  effect  of  TF5  was  apparent  already  6  days 
after  irradiation,  the  present  strain  also  was  examined  on  this  day  in  all  three 
experiments.  Days  12.  14,  and  16  were  included  in  addition  to  Day  6.  The  results 
of  the  three  series  of  experiments  are  combined  in  Table  2.  It  can  be  observed  again 
that  the  recovery  of  cells  per  individual  thymus  in  different  experimental  groups  on 
a  given  day  does  not  vary  significantly.  A  decline  in  the  numbers  of  cells  per  thymus 
occurs  on  Days  14  and  16.  Persistent  levels  of  responses  to  IL-1.  however,  were 


TABLE  2 


Effccl  of  Thymosin  Traction  5  on  Comitogcnic  Response  of  Thymocytes  from 
1  :-Weeks-01d  C57B1/6  Mice  to  IL-1 


Treatment 

D  r  6 

D  f  12 

D  +  14 

D  +  16 

1  hymosin 
fraction 

151.6  +  446 
(5.2  ±  2.5  x  1(T) 

1920  +  974 

(2.8  X  10") 

1965  ±  720 
(2.5  X  10") 

.5624  ±512 
(1.75  X  1()») 

Kidney 
fraction  .6 

.5X0  2(IS 
(7.2  £  23  X  10’) 

/’  <  OOOl 

169  ±  182 
(  5  .5  y  10*) 
l>  <  0.02 

1466  ±  575 
(1.7  X  10") 

NS 

0 

(2.0  X  10") 

P  <  ().()()5 

Irradiated 

only 

614  :t  .5.54 
(X,,5  .t  4.0  )■  10’) 

/’  <  0.02 

0 

(2.7  ).  10") 

r  <r  0.02 

782  +  658 
(1.7  X  10") 

P  ^  ().().5 

1192+  548 

(1.1  X  10") 

P  <  0.05 

Normal. 

non-irradiated 

25.5.5 
(5.61  + 

V  1427 

1.5  10") 

Ante  Results  of  three  separate  experiments  on  Day  6  ami  additional  experiments  from  three  different 
senes  on  Days  12.  14.  and  16  Results  arc  expressed  as  Aepm-mean  counts  of  triplicate  cultures  stimulated 
with  6  units/ml  of  II  -1  minus  mean  counts  of  triplicate  controls,  of  }  '  )()'’  thymic  cells/well  SD. 
NumK'rs  in  parentheses  are  of  cells  recovered  per  thy  mus  *  SD.  /’  values  were  calculated  hy  Student's  l 
test  for  a  given  group  compared  to  I  I  !'  treatment. 
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obtained  only  in  TF5-treated  groups.  Mice  treated  with  kidney  fraction  5  had  some 
degree  of  response  only  on  Day  14  after  irradiation.  This  parallels  the  decline  in 
cell  numbers  in  the  thymus.  The  increase  in  response  was  not  consistent  as  it  was 
not  noted  on  Day  16.  The  irradiated  group  only  responded  to  IL-1  on  Day  16  after 
irradiation.  In  conclusion,  (a)  C57B1/6  mice,  as  previously  indicated  (28).  are  low 
responders  to  IL-1,  (b)  irradiation  of  these  mice  results  in  a  further  decline  of  lL-1- 
responsive  cells,  which  persist  despite  regeneration  of  the  thymic  cellularity  nearly 
to  control  levels,  and  (c)  administration  of  TF5  restores  to  normal  the  responsiveness 
to  IL-1  on  a  per  cell  basis.  This  increase  parallels  the  increase  in  cellularity. 
Treatment  with  kidney  fraction  5  did  not  induce  similar  effects. 

(3)  DBA/1.  Mice  of  this  strain  were  evaluated  since  in  previous  experiments  TF5 
did  not  affect  their  resistance  to  infection  with  C.  albicans  and  their  in  vivo  release 
of  IFN-7  and  MIF.  Animals  of  two  different  ages  were  used  to  determine  whether 
the  responses  to  TF5  are  age  dependent.  The  particular  choice  of  ages.  10  weeks 
and  5  months,  was  based  on  the  previous  observation  (27)  that  8-  to  10-week-old 
CDFi  mice  had  maximal  responses  to  IL-1  and  1 8-week-old  mice  had  greatly 
reduced  responses  to  purified  IL-1.  The  lower  responses  in  older  animals  may  be 
an  indication  of  reduced  levels  of  immunocompetent  T  cells  in  the  thymus.  p)ossibly 
as  a  result  of  reduced  effectiveness  of  thymic  hormones. 

(a)  Thymocytes  from  10-week-old  mice  at  6.  7.  and  9  days  after  irradiation  when 
treated  with  TF5  showed  consistently  higher  responses  (Table  3).  The  thymocyte 
responses  were  lower  in  animals  treated  with  kidney  fraction  5  or  irradiated  only. 
Although  lower  number  of  cells  per  thymus  were  recovered  in  kidney  fraction  5- 
and  TF5-treated  animals  than  in  irradiated  only  mice  at  6  and  7  days  after 
irradiation,  similar  numbers  of  cells  were  recovered  in  TF5-treated  group  and 
irradiated  group  at  9  days  after  irradiation.  Depletion  of  cells,  therefore,  in  the 
thymuses  of  TF5-treated  mice  does  not  account  for  the  apparent  difference  in  the 
level  of  IL-1  reactive  cells. 

(b)  The  responses  of  thymocytes  from  5-month-old  mice  evaluated  in  two  series 
of  experiments  are  summarized  in  Fig.  1.  None  of  the  irradiated  experimental 

TABLE  3 

Effect  of  Thymosin  Fraction  5  on  Comitogenic  Response  of  Thymocytes  from 
lO-Weeks-Old  DBA/1  Mice  to  IL-1 


Treatment 

D  +  6 

D  +  7 

D  y  9 

lL-1 

Control 

IL-1 

Control 

IL-1 

Control 

Thymosin 

5573 

+ 

757 

1102 

+ 

333 

3158 

775 

1051 

241 

3270  + 

1065 

1344  ±  521 

fraction  5 

(2.7  > 

1  lOT 

(5.5  X  10’) 

(6.0 

X  10’) 

Kidney 

1 197 

176 

769 

+ 

93 

1067 

-F 

91 

522 

44 

979  ± 

131 

671  i  162 

fraction  5 

(3.3  .- 

.  lOT 

(5.9  > 

'  10’) 

(4.4 

'  10’) 

P  <  0.002 

P  < 

0.03 

P  < 

002 

Irradiated 

1678 

± 

501 

829 

89 

1055 

51 

744 

+ 

1 1 1 

1324  ± 

224 

1110+  240 

only 

(5.1  > 

:  10’) 

(8.0  X  lO’l 

(6.0 

X  10’) 

P  <  0.01 

P  <  0.02 

P< 

(1.03 

Normal. 

2457 

+ 

4.30 

828 

286 

1718 

♦ 

206 

714 

+ 

186 

9276  y 

910 

1529  ±  143 

non-irradiated 

(1.7  > 

;  10‘1 

(4  0  > 

;  10”) 

(3.3 

X  10*) 

Sole  See  Table  1  for  details.  3.0  x  l()*  cclls/wcll  m  all  groups.  /*as  in  Tabic  2, 
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groups  showed  the  presence  of  lL-1 -responsive  cells  at  the  cell  concentrations  used 
in  the  assay.  The  cellularity  of  the  thymuses  increased  with  no  apparent  influence 
of  treatment.  The  only  possible  benefit  of  treatment  may  be  observed  on  Day  20, 
when  the  numbers  of  cells  in  the  thymuses  of  TF5-treated  group  were  threefold  that 
of  the  control  normal  animals.  However,  enhanced  cellularity  was  also  observed  in 
animals  which  were  irradiated  only.  Thus  we  can  conclude  that  TF5.  although 
effective  in  thymic  recovery  of  younger  animals,  did  not  affect  the  recovery  of  the 
thymus  in  older  animals.  Cell  proliferation,  however,  takes  place  in  these  thymuses 
following  radiation  injury,  and  at  12  days  the  numbers  of  thymocytes  in  irradiated 
mice  nears  that  of  normal  mice. 

C3H/HeJ.  Mice  of  this  strain,  5-6  months  old,  were  used  for  comparison  with 
TF5  unresponsive  DBA/1  mice  of  the  same  age  (Fig.  1).  Two  series  of  the  separate 
experiments  are  summarized  in  Table  4.  Since  on  Day  6  and  7  after  irradiation  the 
recovery  of  cells  in  individual  groups  (6  mice  in  each  group)  was  low,  the  cell 
concentrations  were  reduced  to  5  X  10'  cells/well  on  Day  6  and  to  7  X  10^  cells/ 
well  on  Day  7.  It  is  evident  from  Table  4  that  on  Days  6,  7,  and  9  after  irradiation 
only  thymic  cells  from  TF5  treated  mice  responded  to  lL-1  with  increased  prolifer¬ 
ation.  In  contrast,  equal  cell  concentrations  from  irradiated  only,  irradiated  and 
kidney  fraction  5-treated,  and  non-irradiated  normal  mice  were  not  responsive  to 
lL-1.  In  conclusion,  unlike  DBA/1  mice,  5-  to  6-month-old  C3H/HeJ  mice  respond 
to  TF5  treatment  with  enhanced  responses  of  the  cells  in  the  thymus  to  lL-1. 

DISCUSSION 

The  experimental  results  reported  here  address  three  questions:  (1)  are  the  cells 
repopulating  the  thymus  in  the  early  postirradiation  phase  immunologically  com- 


Eici.  1.  Effect  of  thymosin  fraction  5  on  comitogenic  response  of  thymocyles  from  .“'-month-old  DBA/ 
I  mice  to  II.-I.  Results  expressed  in  percentage  of  control  responses;  (H)-cpm  (.1  x  10''  cells/wcll),  (■) 
cells/thymus  (normal  cells/thymus.  6.8  ±  2.8  x  10’).  T.  thymosin  fraction  treated;  K,  kidney  fraction 
treated;  R.  irradiated  only. 
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TABLE  4 

Eft'ect  of  Thymosin  Fraction  5  on  Comitogenic  Response  of  Thymocytes  from 
5-Months-OId  CjH/HeJ  Mice  to  lL-1 


Treatment 


Thymosin 
fraction  5 

Kidney 
fraction  5 


Irradiated 

onl\ 


Normal. 

non-irradiated 


•4583  ±2112 


753  ±  79  ••1938  +  174  432  ±  188  t6324  ±  493  1776  ±  619 


(1.0  X  10‘) 

•1367  ±  1000  736  +  356 

(1.0  X  I0‘) 

P  <  0.02 

•1959  +  2050  1713  +  1061 

(1.0  X  10‘) 

P  <  0.05 

+4096  ±1391  1499+  801 

(7.7  X  10’) 


(3.1  X  10*) 


(6.5  X  10’) 


••1225  ±  203  540  +  328  +1410  ±  95 


1607  ±  630 


(4.1  X  I0‘) 
P  <  0.005 


(5.4  X  10’) 
P  <  0.01 


••937  ±  204  540  ±  255  +1349  ±  413 


(4.1  X  10*) 
P  <  0.05 


(5.1  X  10’) 
P  <  0.001 


+6162  ±  1189  937  ±  101  +3’32  ±  414  1905  +  249 


•685  +  187 


475  +  1 12 


(1.9  X  10*) 

••264  ±  120  226  ±  77 


(1.5  X  10*) 


m.:. 


\tilt'  See  Tables  I  and  2  for  details.  The  number  of  cells/well  were:  *5  x  10*.  ••7  x  10*.  +3  X  10*.  IL-I  concentration 
was  2  (D  4  6)  or  5  (D  4  9)  units/ml. 


petent,  (2)  can  thymic  hormones  exert  an  effect  on  these  cells  (or  change  their 
composition),  and  (3)  can  genetic  factors  influence  the  effect  exerted  by  thymic 
hormones  in  irradiated  mice. 

Thymocytes  from  all  of  the  strains  examined,  after  irradiation  with  450  cGy 
showed  reduction  in  IL-1  responsiveness  throughout  the  first  phase  of  recovery. 
Earlier  studies  by  Takada  el  al.  (19),  using  mitotic  index  and  thymus  weight  from 
mice  irradiated  with  400  cGy  concluded  that  thymus  regeneration  is  a  biphasic 
process.  Within  24  hr  after  irradiation,  a  precipitous  drop  in  mitosis  and  in  thymic 
weight  developed  which  was  followed  by  nearly  full  recovery  beginning  on  Days 
5-7  until  Day  12.  Following  this  day  a  second  drop  in  thymic  cellularity  was 
observed  which  lasted  until  Day  20.  Our  observation  on  the  recovery  of  cells  in  the 
thymus  parallels  these  findings.  The  mechanism  of  this  biphasic  pattern  of  thymus 
repopulation  remains  speculative. 

The  immunologic  competence  of  the  cells  initially  repopulating  the  thymus  is 
controversial.  A  number  of  studies  concluded  that  radiation-resistant  cells  repopulating 
the  thymus  are  immunocompetent.  Blomgren  and  Anderson  (29)  compared  cells 
from  normal  thymuses  with  corticosteroid-resistant  cells  (CRC)  for  their  radiation 
resistance.  They  observed  that  corticosteroid  treatment  enriched  the  radiation- 
resistant  cells  from  4'’f  in  normal  mice  to  50%  CRC  populations,  and  concluded 
that  these  two  populations  may  be  similar.  Studies  by  Konda  et  al.  (30)  examining 
the  buoyant  density  and  T-cell  markers  of  CRC  concluded  that  this  population  was 
similar  to  radioresistant  cells  present  in  the  thymus  10  days  after  880  cGy  irradiation. 
Using  760  cGy  irradiated  A/J  mice.  Radish  and  Basch  demonstrated  that  cells 
recovered  9  days  after  irradiation  had  enhanced  reactivity  to  Con  A  and  PH  A  (31). 
The  histology  of  cortical  and  medullary  regions  of  the  thymus  10  days  after 
irradiation  with  750  cGy  resembled  that  of  a  normal  thymus  (32).  Therefore  it  has 
been  proposed  that  the  radioresistant  cells  in  the  thymus  that  repopulate  the  thymus 
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after  irradiation  present  a  population  resembling  the  mature  CRC.  More  recent 
studies  on  the  phenotypes  of  cells  present  in  the  thymus  within  12  days  following 
irradiation  demonstrated  a  relative  sparsity  of  PNA  ,  Lyt-1  *-2  cells  (33),  presently 
recognized  as  the  immunocompetent  subpopulation  that  is  responsive  to  lL-1 
(21-24).  Similarly,  CTL-precursor  cells  were  found  14  days  after  lethal  irradiation 
and  bone  marrow  transfer  but  were  not  detected  at  7  days  after  irradiation  (34).  In 
another  laboratory  the  frequency  of  CTL-precursor  cells  was  about  50-fold  lower 
for  up  to  12  days  after  irradiation  in  the  thymuses  of  bone  marrow  reconstituted 
radiation  chimeras  (35).  The  same  investigators  also  analyzed  by  flow  microfluometry 
the  Thy-1  phenotype  of  host-derived  cells.  Despite  increasing  numbers  of  Thy-1- 
bright  cells  (considered  immunologically  immature),  cells  weakly  stained  with  Thy- 
1  (considered  immunocompetent)  were  not  detected  at  10  days  after  irradiation. 

Our  own  observations  using  IL-1  responsiveness  as  a  measure  of  thymocyte 
immunocompetence  indicates  a  reduction  in  these  cells  from  Day  6  to  12  postirra¬ 
diation  with  450  cGy.  Given  that  the  number  of  cells  recovered  from  the  thymus 
at  6  days  after  irradiation  represents  about  15%  of  the  number  of  cells  in  normal 
thymus  and  nears  normal  at  12  days,  the  frequency  of  these  cells  in  the  thymus 
must  be  greatly  reduced.  Together  with  the  finding  on  reduced  frequency  of  CTL 
precursor  cells  (34,  35)  and  the  scarcity  of  PNA”,  Lyt-1^-2  ,  weakly  Thy-1  stained 
cells  repopulating  the  thymus  after  irradiation  (33,  35)  the  degree  of  maturation  of 
radioresistant  cells  and  the  types  of  proliferating  cells  in  a  regenerating  thymus  need 
to  be  reevaluated. 

There  have  been  numerous  demonstrations  that  various  thymic  hormones  prep¬ 
arations  are  effective  in  treatment  of  immunodeficiencies  (5-7,  36-39).  The  capacity 
of  these  hormones  to  promote  maturation,  proliferation,  and  marker  acquisition  of 
T  cells  in  bone  marrow  or  in  spleen  has  been  reported  (8-10).  However,  the  majority 
of  the  successful  experiments  demonstrating  the  effect  of  thymic  hormones  have 
been  conducted  in  vivo  despite  the  fact  that  most  of  the  in  vitro  experiments  use 
doses  of  the  hormones  manyfold  higher  than  the  doses  used  in  the  living  animal 
(40).  Possibly  the  action  of  this  hormone  is  amplified  in  vivo  via  a  mediating 
mechanism  absent  in  the  in  vitro  systems.  The  relatively  narrow  range  of  optimal 
doses  necessary  to  achieve  beneficial  in  vivo  effects  as  well  as  necessity  for  daily 
injections  of  the  hormone  represent  some  of  the  not  yet  understood  complexities  of 
the  system. 

Administration  of  KF5  in  doses  equal  to  TF5  did  not  induce  enhanced  respon¬ 
siveness  to  IL-I  in  thymic  cells  from  irradiated  mice.  Indications  exist  that  certain 
thymic  hormones  may  be  present  in  organs  other  than  the  thymus.  However,  their 
levels  in  the  kidney  compared  with  the  thymus  are  greatly  reduced  (41). 

Although  our  results  clearly  demonstrate  an  enhancement  of  IL-I  responsiveness 
following  administration  of  TF5  to  irradiated  mice,  the  mechanism  of  this  enhance¬ 
ment  remains  unclear.  Several  possibilities  should  be  considered,  (a)  Stimulation  of 
the  traffic  of  the  bone-marrow-derived  T-precursor  cells  into  the  thymus,  (b) 
promotion  of  maturation  of  intrathymic  cells,  and  (c)  enrichment  for  IL-1 -reactive 
cells  as  a  result  of  selective  depletion  by  thymic  hormones  of  immunologically 
immature  cells  present  in  the  thymus.  The  latter  possibility  does  not  seem  likely  as 
the  recovery  of  cells  per  thymus  on  a  given  day  does  not  vary  much  between  the 
different  experimental  groups.  Treatment  with  TF5  enhanced  the  level  of  11.-1 
responsiveness  in  all  four  strains  examined  when  the  age  of  the  mice  was  10-12 


THYMIC  HORMONES  IN  THYMIC  CELL  MATURATION 


489 


weeks.  The  role  of  genetic  factors  is  suggested  by  the  finding  that  5-  to  6-month-old 
C3H/HeJ  mice  responded  to  treatment  (Table  4)  while  DBA/1  mice  of  the  same 
age  did  not  respond  (Fig.  1).  This  difference  parallels  the  previously  observed  effect 
of  TF5  in  these  two  strains  when  resistance  to  C.  albicans  and  in  vivo  release  of 
IFN-7  and  MIF  were  compared  (17,  18).  The  same  two  mouse  strains  also  varied 
in  their  responses  to  IL-1.  Three-month-old  C3H/HeJ  mice  had  10-fold  higher 
response  than  10-week-old  DBA/1  mice  (data  not  presented).  Although  at  5  months 
the  response  of  normal  C3H/HeJ  mice  to  IL-1  had  declined,  it  was  still  at  least  2- 
to  3-fold  higher  than  the  response  of  thymocytes  from  5-month-old  DBA/1  mice. 
T  his  apparent  difference  to  a  comitogenic  effect  of  IL-1  may  be  a  reflection  of 
differences  in  the  percentages  of  mature,  immunocompetent  cells  in  the  thymuses 
of  these  strains.  For  example,  the  percentage  of  medullary  PNA  cells  differed  from 
14.6^r  in  CBA  mice  to  9.5%  in  C57B1/6  mice  (1).  Perhaps  these  differences  in  the 
numbers  of  immunocompetent  cells  in  the  thymuses  of  different  strains  may  be  the 
result  of  differences  in  the  levels  of  endogenous  thymic  hormones  or  of  cell  responses 
to  thymic  hormones.  The  responsiveness  of  5-  to  6-month-old  C3H/HeJ  mice  to 
thymic  hormones  may  be  the  reason  for  this  strain’s  high  level  of  lL-1  responses, 
and  therefore  the  greater  number  of  immunocompetent  cells  in  the  thymus.  The 
unresponsiveness  of  the  DBA/1  mice  of  the  same  age  would  result  in  lower  numbers 
of  lL-1  responsive  cells  in  the  thymus  of  this  strain  as  observed  in  the  present  study. 
As  reagents  to  evaluate  thymic  hormones  levels  in  mice  of  different  strains  become 
available,  this  hypotheses  may  be  examined. 
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Abstract  —  Hemopoietic  elTects  of  the  reticuloendothelial  agent  glucan  were  assayed  in  normal  mice  and  in 
mice  hemopoietically  depleted  by  exposure  to  “Co  radiation.  In  normal  mice,  glucan  administration 
increased  the  content  of  bone  marrow  and  splenic  transplantable  pluripotent  hemopoietic  stem  cells  (CFU-s), 
committed  granulocyte-macrophage  progenitor  cells  (GM-CFC),  and  pure  macrophage  progenitor  cells  (M- 
CFC).  Erythroid  progenitor  cells  (CFU-e)  were  increased  only  in  the  spleen.  In  sublethally  irradiated  mice 
(650  rads),  glucan  increased  the  number  of  endogenous  pluripotent  hemopoietic  stem  cells  (E-CFU)  when 
administered  either  before  or  after  irradiation.  The  most  pronounced  effects  were  observed  when  glucan  was 
administered  1  day  before,  1  h  before,  or  1  h  after  irradiation.  In  addition,  the  administration  of  glucan 
before  lethal  irradiation  (900  rads)  enhanced  survival.  The  most  significant  results  were  seen  when  glucan  was 
administered  I  day  prior  to  irradiation.  The  possibility  of  using  agents  such  as  glucan  to  enhance  hemopoietic 
reconstitution  and  prevent  septicemia  following  chemotherapy  and/or  radiotherapy  is  discussed. 


Glucan,  a  B-1,3  polyglucose,  has  been  shown  to  1983a).  The  multiple  effects  of  glucan  on  the 
modulate  reticuloendothelial  and  immune  responses,  reticuloendothelial,  immune,  and  hemopoietic 
For  instance,  it  has  been  shown  that  macrophage  systems  thus  make  glucan  ati  ititriguing  candidate  for 
proliferation,  phagocytosis,  adherence,  and  therapeutic  use  in  instances  of  radiation-induced 
lyso/yme  synthesis  as  well  as  primary  and  secondary  and/or  chemical-induced  hemopoietic  and  immune 
antibody  responses,  cell-mediated  immune  depression. 

responses,  anti-tumor  responses,  and  anti-bacterial.  The  purposes  of  this  study  were  to  (a)  delineate  the 
-fungal,  -viral,  and  -parasitic  responses  arc  enhanced  temporal  hemopoietic  responses  elicited  by  a  glucan 
following  glucan  administration  (Riggi  &  DiLuzio,  dose  known  to  stimulate  reticuloendothelial  and 

1961;  Wooles  &  DiLuzio,  1963;  DiLuzio,  1967;  immune  responses  in  normal  mice,  (b)  determine  the 

DiLuzio,  f’isano  &  .Saba,  1970;  Kokosis,  Williams,  feasibility  of  using  glucan  to  enhance  recovery  from 

Cook  &  DiLuzio,  1978;  Dil.uzio,  Williams,  radiation-induced  hemopoietic  depletion,  and  (c) 
McNamee,  Edwards  &  Kilahama,  1979;  Reynolds,  determine  the  feasibility  of  using  glucan  to  enhance 
Kastello,  Harrington,  Crabbs,  Peters,  Jemski,  Scott  survival  in  irradiated  mice. 

&  DiLuzio,  1980;  Cook,  Holbrook  &  Parker,  1980; 

DiLuzio,  1983).  In  addition,  glucan  has  been  shown 

to  alter  hemopoietic  proliferation  and  EXPERIMENTAL  PROCEIU'RES 

differentiation.  Specifically,  increased  numbers  of 
not  only  granulocyte-macrophage  (GM-CFC),  pure 
macrophage  (M-CFC),  and  erythroid  (CFU-e  and  'Wnr 

BFU-e)  progenitor  cells  but  also  pluripotent  In  all  experiments,  10- 12  week  old  female  C,H/ 

hemopoietic  stem  cells  that  give  rise  to  these  HeN  mice  (Charles  River  Laboratories, 

progenitors  (CFU-S)  have  been  observed  following  Willmington,  MA)  were  used.  Animals  were 

glucan  administration  (Burgaleta  &  Golde,  1977;  maintained  on  a  6  a. m.  to  6  p.m.  light  dark  cycle. 

Patchen  &  Lotzova,  1980;  Patchen  Ji:  .MacViiiie,  Wayne  Lab  Blox  and  hyperchlorinated  water  were 
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a\  ailable  ad  libitum.  All  mice  were  quarantined  and 
acclimated  to  laboratory  conditions  for  at  least  2 
weeks  before  experimentation.  During  this  time,  the 
mice  were  examined  and  found  to  be  free  of  lesions 
of  murine  pneumonia  complex  and  oropharyngeal 
Pseudomonas  sp. 

Clucan 

Particulate,  endotoxin-free  glucan  (glucan-P)  was 
obtained  from  Dr.  N.  R.  DiLuzio  (Tulane  University- 
School  of  Medicine,  New  Orleans,  LA)  and  was 
prepared  according  to  DiLuzio’s  modification 
(DiLuzio  er  al.,  1979)  of  Hassid’s  original  procedure 
(Hassid,  .loslyn  &  McCready,  1941).  Sterile  saline 
was  used  to  dilute  glucan-P  to  either  ^.0  mg  or  0.8 
mg  per  ml.  Mice  were  then  i.v.  injected  \ia  the  lateral 
tail  seins  with  a  0.5  ml  volume  of  the  glucan 
preparations  yielding  cither  1.5  mg  or  0.4  mg  per 
mouse.  Normal  control  mice  (not  irradiated  and  not 
glucan-treated)  and  radiation  control  mice 
(irradiated  but  not  glucan-treated)  were  injected  with 
an  equivalent  \olume  of  sterile  saline. 

Cell  suspensions 

tach  cell  suspettsion  represented  the  pool  of 
tissues  from  three  mice.  Cells  were  flushed  from 
femurs  with  .5  tnl  of  Hank's  Balanced  Salt  Solution 
(HBSS)  containing  5'''o  heat-inactivated  fetal  bovine 
serum  (Hlf  BS).  Spleens  were  pressed  through  a 
stainless-steel  mesh  screen,  and  the  cells  were  washed 
from  the  screen  with  6  ml  of  HBSS  plus  5'’n  HU  BS. 
The  total  number  of  nucleated  cells  in  each 
suspension  was  determined  by  counting  the  cells  on  a 
hemocytometer. 

Irradiation 

Bilateral  total-body  irradiation  administered  from 
the  At  RRI  '"’Co  source  at  a  dose  rate  of  40  rads,  min 
was  used  in  all  radiation  experiments. 

Spleen  eolony-forminii  unit  (d  L)  assays 

Spleen  colony-forming  tmits  (Cf'U)  have  been 
shown  to  arise  from  the  clonal  proliferation  of 
pluripoieni  hemopoietic  stem  cells,  (-xogenous 
spleen  colony-forming  units  (CMJ-s)  were  evaluated 
by  the  method  of  Till  &  .McCulloch  ( 1961 ).  Recipient 
mice  were  exposed  to  900  rads  t)f  total-body 
irradiation  in  order  to  completely  eraslicate 
endogenous  hemopoietic  stem  cells.  Three  to  5  h 
later.  5  /  1(P  bone  marrow  or  5  x  10'  spleen  celK 
were  i.v.  injected  into  the  irradiated  recipients.  len 
days  alter  transplantation,  the  recipients  were 


euthanized  and  their  spleens  removed.  The  spleens 
were  fixed  in  Bouin’s  solution,  and  the  number  of 
grossly  visible  spleen  colonies  were  counted. 
Endogenous  spleen  colony-forming  units  (E-CTU) 
were  also  evaluated  by  a  method  of  Till  &  McCulloch 
(196,4).  Mice  were  exposed  to  a  650  rads  dose  of 
total-body  irrat'iation  in  order  to  only  partially 
oblate  endogenous  hemopoietic  stem  cells.  Ten  days 
after  irradiation,  the  spleens  were  removed  and  fixed 
in  Bouin’s  solution.  Then  the  spleen  colonies  formed 
by  the  proliferation  of  surviving  endogenous 
hemopoietic  cells  were  counted. 

Grantdocyte-maerophu^e  colony-formitif;  cell  (G.M- 
CPC)  and  macrophage  colons  -forminft  cell  (M-CFC) 
assays 

Hemopoietic  progenitor  cells  committed  to  the 
granulocyte-macrophage  lineage  (CiM-CTC  )  were 
assayed  by  MacViitie's  modification  (1979)  of  the 
semi-solid  agar  technique  originally  described  by- 
Bradley  <fe  Metcalf  (1966)  and  Pluznik  &  Sachs 
(1965).  The  upper  agar-medium  mixture  for  cell 
suspensions  consisted  of  equal  volumes  of  0.66*70 
agar  and  double-strength  supplemented  CMRL  1066 
medium.  The  CMRI,  1066  was  supplemented  with 
final  concentrations  of  lO^'o  HIEBS,  5*70  trypticase 
soy  broth,  5®''o  heat-inactivated  horse  serum, 
antibiotics  and  t -asparagine  (.40  qg/ml).  The  agar- 
medium  mixture  for  the  lower  feeder  layer  consisted 
of  equal  volumes  of  l.()o’o  agar  and  supplemented 
double-strength  CMRL  1066.  Both  pregnant  mouse 
uterine  extract  (PMUE)  (2.5'’'o  v/v)  and  mouse  i- 
cell-conditioned  medium  (l.CM)  (13"o  v/v)  were 
added  to  each  I  ml  feeder  lay  er  as  sources  of  colony- 
stimulating  activity  (CS.^).  Colonies  (>50  cells)  were 
counted  after  10  days  of  incubation  in  a  .47  C 
humidified  environment  containing  7.5"'o  CO;. 
Hemopoietic  progenitor  cells  coitimitted  only  to  the 
macrophage  lineage  (M-Cl  C)  were  assayed  by  the 
technique  described  by  MacCittie  &  Provaznik 
(1978).  Double-layer  agar  cultures  were  prepared  as 
in  the  (iM-(  TC  assay  except  that  no  CS.A  was 
initially  incorporated  into  feeder  layers.  This  initial 
absence  of  (  S.A  eliminated  the  proliferation  of  CiM- 
C  1  C  .  Two  days  after  the  cells  were  originally  plated, 
CS.'\  was  added  by  incorporating  I'MUL'  and  TCM 
into  a  mixture  of  supplemented  C.MRL  1066 
containing  a  final  concentration  of  ()..4.4''ii  agar,  and 
pipetting  0.5  ml  of  this  mixture  on  top  of  the 
previously  cultured  cells.  (  ullures  weie  incubitled 
lor  ;in  additional  25  dttys  at  ,47  (  in  a  humidified 
atmosphere  contaiiting  7.5"o  CO,,  belore  scoring 
colony  formation. 
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Lrythrnid  colony-forming-unii  iCf-'U-el  assay 

Bone  marrow  and  splenic  hemopoietic  progenitor 
cells  committed  to  the  erythroid  lineage  (CFU-e) 
were  assayed  by  a  modification  of  the  original  CFU-c 
plasma  clot  technique  described  by  Stephenson, 
Axelrad,  McLeod  &  Shreeve  (1971).  Each  ingredient 
was  either  reconstituted  or  diluted  with 
supplemented  alpha  medium  (SAM)  (Weinberg, 
McCarthy,  MaeVittie  &  Baum,  1981).  Briefly,  to 
make  1  ml  of  the  plasma  clot  suspension,  the 
following  were  mixed;  0.1  ml  cells  (5  x  10^ 
nucleated  cells).  0.3  ml  HIFBS,  0.1  ml  25»b  beef 
embryo  extract,  0.1  ml  lO^'o  bovine  serum  albumin, 
0.1  ml  (0.02  mg)  t -asparagine,  0.1  ml  10  'M  2- 
mercaproethanol,  0.)  ml  erythropoietin  (Ep),  and 
0. 1  ml  of  37^C  bovine  citrated  plasma.  Immediately, 
0.1  ml  of  the  mixture  was  pipetted  into  each  of  six 
microtiter  wells.  Step  III  anemic  sheep  plasma 
(Connaught  Labs,  Inc.,  Swiftwater,  PA)  svas  used  as 
the  source  of  Frp.  Bone  marrow  and  splenic  CFU-c 
clot  suspensions  contained  0.25  and  0.5  untis  Ep/ml, 
respectively.  Control  clots  contained  SAM  in  place 
of  Ep.  .After  incubation  at  37°C  in  a  humidified 
atmosphere  containing  5®’o  CO;  in  air  for  2  days, 
plasma  clots  were  harvested,  fixed  with 
gluteraldehyde,  and  stained  with  benzidine  and 
giemsa  (McLeod,  Shreeve  &  Axelrad,  1979).  A 
Cf  U-e  was  defined  as  an  individual  aggregate  of 
eight  or  more  ben/idine-positive  cells. 

Survival  studies 

Mice  used  in  survival  studies  were  exposed  to  900 
rads  of  total-body  irradiation,  and  their  survival  was 
checked  daily  for  a  period  of  30  days. 

REM  I  I  S 

Temporal  hemopoietic  effects  of  ylucan-P  in  normal 
mice 

f  igures  1  5  illustrate  the  temporal  effects  of  1.5 

mg  of  glucan-P  on  bone  marrow  and  splenic 
cellularitv,  CF  lJ-s,  CiM-CFC,  M-CLC,  and  Cl  U-e 
responses  in  normal  mice.  Except  for  bone  marrow 
CEU-e,  the  absolute  numbers  of  these  various 
hemopoietic  elements  all  increased  following  glucan- 
P  administration.  Peak  splenic  responses  were 
consistently  observed  5  days  after  glucan-P 
treatment.  Ehe  bone  marrovs  C  I  U-s  response  also 
peaked  on  day  5  post-treatment;  however,  peak 
marrow  (l.M-CIC  and  M-CI  (  responses  did  luu 
occur  until  day  1 1  post-treatment.  The  bone  marrow 
hemopoietic  responses  were  also  much  less  dramatic 


than  the  splenic  hemopoietic  responses,  e.g. 
ll5-135®/o  of  normal  control  values  in  the  bone 
marrow  vs  270  -  50{)®'o  of  normal  control  values  in 
the  spleen.  Interestingly,  bone  marrow  CEU-e  values 
never  rose  above  normal  control  values  and,  in  fact, 
were  in  most  instances  lower  than  control  values. 
This  erythropoietic  depression,  however,  was  only 
temporary,  and  by  30  days  post-treatment, 
hematocrit  values  in  glucan-P-treated  mice  had 
returned  to  normal  control  values  (Table  1). 

Glucan-P's  effect  on  enliaitciny  recovery  from 
radiation-induced  hemopoietic  depletion 

The  endogeneous  spleen  colony  assay  was  used  to 
screen  glucan-P  for  its  ability  to  enhance 
hemopoietic  pluripotent  stem  cell  recovery  when 
administered  before  or  after  a  hemopoietically 
compromising  dose  of  irradiation.  Table  2  presents 
data  from  experiments  in  which  glucan-P  was 
administered  at  17,  11.5  and  I  days  or  I  h  before  or 
after  a  650  rads  dose  of  '’"Co  irradiation.  Because  an 
enhanced  E-CFU  response  was  anticipated,  both  a 
1.5  mg  and  a  0.4  mg  glucan-P  dose  were  used  in 
order  to  insure  that  discrete  countable  E-CFU 
colonies  could  be  obtained.  Glucan-P  was  quite 
effective  at  enhancing  E-CFU  numbers  even  when 
administered  as  long  as  17  days  before  irradiation. 
However,  as  the  interval  between  glucan-P  treatment 
and  irradiation  was  shortened,  the  E-CFU  response 
became  more  pronounced,  with  almost  equally 
dramatic  effects  being  observed  with  gluean-P 
administered  at  either  1  day  or  I  h  before 
irradiation.  .Although  not  as  pronounced  as 
preirradiation  glucan-P  treatment,  postirradiation 
glucan-P  treatment  was  also  quite  effective  at 
enhancing  ETC  ETi  colony  formation.  In  fact,  glucan- 
P  given  1  h  after  irradiation  was  almost  as  effective 
at  enhancing  E-CEU  colony  formation  as  was 
glucan-P  administered  I  h  before  irradiation. 

Cilucan  P's  effect  on  survival  of  irradiated  mice 
Because  of  glucan-P's  ability  to  enhance 
hemopoietic  recovery  when  administered  both  before 
and  after  irradiation,  the  ability  of  this  agent  to  also 
enhance  survival  in  otherwise  lethally  irradiated 
animals  was  next  investigated.  Based  on  the  E-CEU 
results,  glucan-P  was  administered  cither  1  day  or 
I  h  before  or  1  h  after  irradiation.  .As  illustrated  in 
Eig.  6,  1.5  mg  of  glucan-P  administered  1  day  before 
an  otherwise  lethal  dose  of  irradiation  significantly 
enhanced  survival.  Ehiiiy  days  postirradiation,  5l"i> 
of  the  1.5-mg  glucan-P-treated  mice  weie  alive. 
•Although  the  prvuocol  for  these  studies  included  only 
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Figs  1  5,  Temporal  effects  of  gliican-P  on  bone  marrow 

and  splenic  cellularity  (1),  CTTJ-s  (2),  GM-CI  C'  0).  M-CFC 
(4),  and  CFU-e  (5)  in  C,H/F1cN  mice.  For  each  experiment, 
data  were  converted  to  percentages  using  normal  control 
values  obtained  in  each  specific  experiment,  tach  data 
point  represents  the  mean  ±  1  S.D.  of  percentages  obtained 
from  three  individual  experiments. 
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Table  1.  Hematocrit  values  in  glucan-P  treated  mice 

Day  post  glucan-P  treatment 

1  5  11  17  30 

60  90 

120 

Hematocrit  value 

%  of  normal  control  102+3  98+2  83±3  89+4  99±3 

101±3  100+2 

102+3 

Table  2.  Effect  of  pre-  and  post-irradiation  glucan-P  treatment 

on  E-CFU 

Pre  650  rads 

Post  650  rads 

‘Radiation  control  E-CFU  values  for  -  17,  -  1 1,  -5,-1,  -  Ih,  +  Ih,  +1,  and  +  5  days  were  1. 9+0.2,  2. 0+0.. 5,  2. 1+0.4, 
l.9±0.4,  2.2±0.6,  1. 7+0.7,  2. 3+0.7  and  10.0+1.8,  respectively. 

"Not  quantifiable  due  to  confluent  colony  growth. 
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Time  of  glucan-P 

17 

II 
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1  1  h  1  h 

1 

5 

II 

17 

' .  •  -  V 

injection  (days) 

E-CFU 

("o  radiation 

control  value*) 

0.4  mg  (n  -  24) 

174±29 

261+45 

306±52 

590+90  548+66  539±60 

408+48 

141+48 

Lr  V, 

mm.  ; 

1 .5  mg  (n  =  24) 

326+26 

442+45 

990±110 

1503±177  I448±174  1355+139 

447±95 

260+35 

t 

Effect  of  Preirradiation  1-1  day)  Glucan-P  Treatment 


f  ig.  6.  Effects  of  two  doses  of  Glucan-P  on  30  day  survival  of  C,H/HeN  mice  when  injected  1  day  before  900  rads  of 
cobali-60  radiation.  Percent  survival  is  based  on  cumulative  data  obtained  from  5-15  individual  survival  studies. 
Radiation  control  data  are  based  on  survival  of  201  mice,  1 .5  mg  glucan-P  data  arc  based  on  83  mice,  and  0.4  mg  glucan-P 

data  arc  based  on  56  mice. 


a  .30  day  survival,  49%  of  ihe.se  irradiated  mice 
treated  with  1.5  mg  of  glucan-P  actually  e.xhibiied 
long-term  survival  and  were  ultimately  euthanized 
12  -  13  months  after  irradiation.  By  contrast,  the 
lower  0.4-mg  glucan-P  dose  was  not  effective  at 


enhancing  survival  in  similarls  irradiated  mice. 
Similar  to  radiation  controls,  tionc  of  these  mice 
survived  beyond  21  days  postirradiation,  l  igtire  7 
illustrates  the  survival  effects  of  glucan-P 
administered  1  h  before  lethal  irradiation.  .Xs  can  be 
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seen,  survival  in  mice  reeeiving  0.4  mg  of  gluean-P 
did  not  difCer  from  radiation  controls.  However, 
survival  in  mice  receiving  the  1.5  mg  glucan-P  dose 
was  slightly  prolonged,  even  though  long-term 
survival  (i.e,  ^  .^0  days)  was  not  dilferenl  from  that 
of  radiation  controls.  Although  1.5  mg  gluean-P 
treatment  did  exhibit  some  positive  effects  on 
survival  when  administered  prior  to  irradiation,  it 
was  not  effective  when  administered  after  irradiation 
(figure  8).  In  fact,  when  administered 
postirradiation,  glucan-P  actually  induced  death 
more  rapidly  than  in  radiation  controls.  This  effect 
was  dose-dependent,  with  the  higher  1 .5  mg  gluean-P 
dose  being  more  detrimental  than  the  lower  0.4  mg 
gluean-P  dose. 


DISC  I  SSION 

.Agents  capable  of  regulating  (and  in  particular 
stimulating)  hemopoietic  proliferation  and 
differentiation  at  the  stem  cell  level  have  a  variety  of 
potential  benefits.  One  such  benefit  would  be  to 
reduce  lethality  attributed  to  the  hemopoietic 
syndrome  following  irradiation  and/or 
chemotherapy.  Because  reticuloendothelial  and 
immune  reconstitution  are  critically  important  in 
combating  the  secondary  septicemia  associated  with 


hemopoietic  depletioti,  (Hammond,  Tompkins  & 
Miller,  1954;  Bcnacerraf,  I960;  Cronkile  &  Bond, 
1960;  Collins,  1979;  Broerse  &  MaeVittie,  1984)  we 
specifically  evaluated  the  hemopoietic  effects  of 
glucan-P  in  the  dose  range  that  has  been  shown  to 
elicit  enhanced  reticuloendothelial  and  immune 
responses. 

These  studies  have  clearly  demonstrated  several 
effects  of  glucan-P  on  normal  murine  hemopoiesis 
and  on  hemopoiesis  and  survival  in  irradiated  mice, 
f  irst,  our  results  concerning  the  temporal  effects  of 
1.5  mg  of  glucan-P  on  splenic  and  bone  marrow 
CfU-s,  GM-CFC,  M-CFC  and  CFU-e  clearly 
confirm  previous  studies  suggesting  that  particulate 
glucan,  in  a  dose-dependent  manner,  can  enhance 
hemopoiesis  in  normal  mice  (Burgaleta  &  Golde, 
1977;  Patchen  &  Lotzova,  1980;  Patchen  & 
MaeVittie,  1983a, b).  In  the  studies  presented  here, 
stem  and  progenitor  cell  hemopoietic  responses  were 
evident  as  early  as  1  day  post  glucan-P  treatment, 
usually  peaked  on  days  5-11  post-treatment,  and 
had  cither  returned  to  or  were  declining  toward 
normal  control  values  by  17  days  post-treatment. 
Bone  marrow  erythropoiesis  was  the  only 
hemopoietic  response  not  enhanced.  However,  the 
tremendous  increase  in  splenic  erythropoiesis 
apparently  compensated  for  the  decreased  bone 
marrow  erythropoiesis,  since  only  a  transient  anemia 
was  apparent  in  glucen-P-treatcd  mice. 


Effect  of  Preirradiation  (-1  hour)  Glucan-P  Treatment 


fig.  7.  f  ffects  of  two  doses  of  gluean-P  on  30  day  survival  of  C,H/HeN  mice  when  injected  1  h  before  9(X)  rads  of  cobalt- 
60  radiation.  Percent  survival  is  based  on  cumulative  data  obtained  from  4  15  individual  survival  studies.  Radiation 

control  data  arc  based  on  survival  of  201  mice,  1 .5  mg  glucan-P  data  are  based  on  59  mice,  and  0.4  mg  glucan-P  data  are 

based  on  54  mice. 
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Effect  of  Postirradiation  (-*-1  hour)  Glucan-P  Treatment 


DAY  POST  60  Co  IRRADIATION  (900  ladsi 


l  ie.  8.  Effects  of  two  doses  of  glucan-P  on  JO  day  survival  of  C,H/HeN  mice  when  injected  I  h  after  900  rads  of  cobalt-60 
radiation.  Percent  survival  is  based  on  cumulative  data  obtained  from  3-15  individual  survival  studies.  Radiation  control 
data  are  based  on  survival  of  201  mice,  1 .5  mg  glucan-P  data  are  based  on  67  mice,  and  0.4  mg  glucan-P  data  are  based  on 

30  mice. 


Second,  (he  ability  of  glucan-P  to  enhance  Alderman  &  Gillespie,  1957;  Boggs,  Marsh, 

hemopoietic  recovery  in  irradiated  mice  was  also  Chervenick,  Cartwright  &  Wintrobe,  1968;  Mori  & 

demonstrated.  In  particular,  it  was  shown  that  Nakamura,  1970).  The  substances  used  have  been  as 

glucan-P  could  significantly  increase  pluripotent  diverse  as  ground  glass,  carbon  particles,  non-species 

hemopoietic  stem  cell  numbers  (as  measured  by  the  related  serum,  and  endoto.xin.  Almost  all  these 
E-CFU  assay)  in  partially  hemopoietically  depleted  substances  produced  the  best  “radioprotective” 

mice  if  injected  either  before  or  after  irradiation.  The  effect  in  mice  when  administered  1  day  before 

most  dramatic  increases  were  observed  w  ith  glucan-P  irradiation.  However,  in  addition  to  the  timing  of  the 

administered  either  I  day  before,  1  h  before,  or  1  h  injection,  the  route  of  injection  was  also  shown  to 

after  irradiation.  In  any  given  experiment,  glucan-P  influence  survival  results.  The  survival  results  we 

treatment  1  day  before  irradiation  was  slightly  more  have  obtained  with  i.v.  I  day  glucan-P 
enhancing  than  treatment  I  h  before  irradiation,  and  administration  in  general,  correlate  with  previous 

treatment  1  h  before  irradiation  was  slightly  more  studies  utilizing  various  other  intrasenously 

enhancing  than  treatment  1  h  after  irradiation.  administered  substances.  Even  with  respect  to  povt- 

1  inally.  the  fact  that  glucan-P  administratitm  irradiation  glucan-P  treatment  decreasing  surviwii 

could  significantly  influence  survival  following  (rather  than  increasing  or  not  changing  survival),  a 

higher  (lethal)  doses  of  irradiation  was  also  similar  phenomenon  has  been  observed  with  post- 

demonstrated.  Specifically.  1.5  mg  of  glucan-P,  irradiation  i.v.  injection  of  endotoxin.  I  or  example, 

administered  I  day  before  irradiation,  significantly  if  either  glucan-P  or  endotoxin  arc  injecie.i  into  mice 

increased  long-term  survival  (i.e.  >  .30  days),  and  the  2  3  days  after  900  rads  of  irradiation,  all  ammaN 

same  dose  of  glucan-P  administered  Ih  before  die  almost  immediately  (Smith  iv  u/  Paichcn. 

irradiation  marginally  increased  short-term  survival  unpublished  observations).  Since  our  glucan  P 

(i.e.  <  30  days).  However,  when  glucan-l*  was  preparation  was  emioioxin-frec  las  ilciermined  b\ 

iniected  I  h  post-irradiation,  not  only  was  survival  the  I  imulus  I  ysate  prticevlnre',  our  decieascd 

not  increased,  hut  it  actually  decreased  compared  to  survival  could  not  have  been  ,iuc  lo  endoioxm 

radiation  controls.  contamination  in  our  glucan-l'  Karlier.  vve  suspect 

Over  the  years  a  variety  of  other  substances  have  that  the  decreased  survival  seen  post  iriaih.iiion 
also  been  shovvti  lo  alter  sitrvival  in  irradiated  mice  administraiioti  of  glucati  P  atid  ci'd.nv'sm  is  ,i  nu'ic 

(Smith,  Smith,  .Xndrevvs  &  (Irenan,  1955;  Smith.  general  phenomenon  probably  ii,d;iciblc  bv  o;hci 
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agents  as  well.  Interestingly,  we  have  also  been 
working  with  a  different  glucan  preparation  (glucan- 
F,  a  soluble  B-1,  3  glucan),  which  is  capable  of 
producing  the  same  dramatic  survival-enhancing 
effects  as  glucan-P  or  endotoxin  when  administered 
1  day  before  irradiation,  but  does  not  decrease 
survival  (and,  in  fact,  is  even  slightly  radioprotective) 
when  administered  after  irradiation  (Patchen  et  al., 
unpublished  results).  Studies  to  further  evaluate  the 
mechanisms  of  the  differential  effects  of  pre-  and 
post -irradiation  glucan-P  treatments  on  survival  are 
currently  being  conducted  in  our  laboratory. 

A  variety  of  mechanisms  have  been  hypothesized 
to  explain  the  capabilities  of  numerous 
“radioprotective”  agents  (e.g.  ground  glass,  carbon 
particles,  endotoxin,  etc.).  Most  of  these  agents  are 
“radioprotective”  only  in  the  hemopoietic  syndrome 
radiation  dose  range.  Thus,  it  is  not  surprising  that 
hemopoietic  protection  and/or  enhanced 
hemopoietic  reconstitution  followed  by  enhanced 
resistance  to  endogenous  pathogens  have  been  shown 
to  occur  following  administration  of  these  agents. 
Since  the  E-CFU  assay  measures  post-irradiation 
recovery  of  endogenous  pluripotent  hemopoietic 
stem  cells  (i.e.  the  cells  from  which  ail  other  mature 
cells  comprising  the  blood,  immune,  and 
reticuloendothelial  systems  ultimately  arise),  a  direct 
correlation  has  been  suggested  between  an  agent’s 
hemopoietic-enhancing  potential  (as  measured  by  the 
E-CFU  assay)  and  its  survival-enhancing  potential  in 
the  hemopoietic  syndrome  radiation  dose  range 
(Smith,  Budd  &  Cornfield,  1966;  Kinnamon, 
Ketterling,  Stampfli  &  Grenan,  1980).  Based  on  the 
differences  we  observed  in  E-CFU  numbers  and 
survival  data  produced  by  -  1  day,  -  1  h,  and  +  1  h 
glucan-P  treatment,  our  data  also  seem  to  suggest 
such  a  correlation.  However,  in  spite  of  the  fact  that 
-  1  day  glucan-P-treated  mice  did  exhibit  slightly 
higher  endogenous  hemopoietic  stem  cell  numbers 
than  1  h  glucan-P  treated  mice,  and  -  1  h  glucan- 
P  treated  mice  did  exhibit  slightly  higher  endogenous 
hemopoietic  stem  cell  numbers  than  +  1  h  glucan-P 
treated  mice,  all  three  treatment  groups  exhibited 
extremely  elevated  E-CFU  numbers.  Thus,  it  seems 
unlikely  that  the  survival  effects  induced  by  these 
three  glucan  P  treatments  would  be  so  different  if 
increased  pluripotent  hemopoietic  stem  cell  numbers 
alone  were  responsible  for  enhanced  survival. 
Instead,  it  may  be  possible  that  in  mice  treated  with 


glucan-P  1  day  before  irradiation,  pluripotent 
hemopoietic  stem  cells  have  enough  of  an 
opportunity  to  not  only  proliferate,  but  also  to 
differentiate  into  progenitors  capable  of  giving  rise 
to  the  mature  functional  elements  of  the 
reticuloendothelial  and  immune  systems  necessary  to 
contend  with  the  surgence  of  endogenous  pathogens 
that  secondarily  induce  death  10-20  days  post¬ 
irradiation  in  the  900  rads  dose  range  (Hammond  et 
a!.,  1954;  Bcnacerraf,  1960;  Cronkite&  Bond,  1960; 
Collins,  1979;  Broerse&  MacVittie,  1984).  In  fact,  it 
has  been  .shown  that  recovery  of  the  differentiated 
progenitor  cells  that  do  give  rise  to  granulocytes  and 
macrophages  is  more  accelerated  in  mice  treated  with 
glucan-P  1  day  before  irradiation  than  in  mice 
treated  with  glucan-P  just  I  h  before  or  1  h  after 
irradiation  (Patchen,  1983;  Patchen,  MacVittie  & 
Wathen,  in  press). 

In  spite  of  the  uncertainties  concerning  the 
mechanisms  by  which  glucan-P  mediates  its  effects, 
it  is  apparent  that  glucan-P  is  a  potent  hemopoietic 
stimulant  in  normal  mice  and  in  radiation-depleted 
mice  and  that  glucan-P  administered  1  day  prior  to 
otherwise  lethal  radiation  in  the  hemopoietic 
syndrome  dose  range  can  significantly  enhance 
survival.  In  addition,  when  compared  to  other 
historical  “radioproiectors”,  glucan-P  has  the 
advantages  of  being  nontoxic,  nonpyrogenic,  and 
ultimately  it  can  be  metabolized  to  glucose  and 
utilized  nutritionally  as  a  food  source  (DiLuzio, 
1983). 

Glucan-P’s  hemopoietic  and  survival-enhancing 
capabilities,  coupled  with  its  ability  to 
nonspecifically  stimulate  resistance  to  a  variety  of 
bacterial,  viral,  and  fungal  infections  make  glucan-P 
a  primary  candidate  for  use  in  instances  of  radiation- 
induced  and/or  chemical-induced  life-threatening 
hemopoietic  depletion. 
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Intragastric  Copper  Sulfate  Produces  a  More  Reliable 
Conditioned  Taste  Aversion  In  Vagotomized 
Rats  than  in  Intact  Rats 

Bernard  M.  Rabin,*  t  Walter  A.  Hunt,*  and  Jack  Lee*  ' 

*  Behavioral  Sciences  Department,  Armed  Forces  Radiobiology  Research  Institute, 
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Although  copper  sulfate  is  an  emetic  stimulus,  preliminary  experime'-ts  failed 
to  obtain  a  taste  aversion  in  intact  rats  following  intragastric  administration  as 
had  been  previously  reported  in  the  literature.  Several  experiments  were  therefore 
run  to  further  investigate  the  capacity  of  intragastric  copper  sulfate  to  function 
as  an  unconditioned  stimulus  for  taste  aversion  learning  and  the  role  of  the  vagus 
in  mediating  that  learning.  The  results  of  the  first  series  of  experiments  showed 
that  intragastric  administration  of  copper  sulfate  (5  mg/kg  x  5H,0)  was  more 
effective  in  reliably  producing  a  taste  aversion  in  vagotomized  rats  than  in  sham- 
operated  control  rats.  The  second  experiment  examined  the  effects  of  area  postrema 
lesions  on  the  acquisition  of  a  taste  aversion  produced  by  intragastrically  ad¬ 
ministered  copper  sulfate  in  vagotomized  rats.  The  results  indicated  that  the 
taste  aversion  observed  following  treatment  with  intragastric  copper  sulfate  in 
vagotomized  rats  could  be  prevented  by  lesions  of  the  area  postrema.  The  present 
results  indicate  that  intragastric  administration  of  copper  sulfate  is  a  more  reliable 
unconditioned  stimulus  for  taste  aversion  learning  in  vagotomized  rats  than  in 
intact  rats.  It  is  not  certain  what  factors  might  account  for  the  discrepant  results 
between  the  present  experiments  and  previously  published  research.  ©  ]98.‘i  Academic 
Press,  Inc. 


When  a  novel  tasting  solution,  such  as  saccharin  or  sucrose,  is  paired 
with  a  toxic  unconditioned  stimulus,  such  as  lithium  chloride  (LiCl),  the 
organism  will  avoid  ingestion  of  that  solution  at  a  subsequent  presentation. 
This  avoidance  behavior,  called  a  conditioned  taste  aversion  (CTA),  is 


'  We  acknowledge  the  support  of  the  Computer  Science  Center  facilities  of  the  University 
of  Maryland.  A  preliminary  report  of  some  of  the  data  was  presented  at  the  91st  Meeting 
of  the  American  Psychological  Association,  Anaheim,  CA  1983.  This  research  was  conducted 
according  to  the  principles  described  in  the  "Guide  for  the  Care  and  Use  of  Laboratory 
Animals"  prepared  by  the  Institute  of  Laboratory  Animal  Re.search,  National  Research 
Council.  Send  requests  for  reprints  to  Dr.  Rabin  at  Department  of  Psychology,  University 
of  Maryland  Baltimore  County,  Catonsville.  MD  21228. 


0163-1047/85  $3.00 

Copyright  c,  198^  by  Academic  Press.  Inc 
All  rights  of  reproduction  in  any  form  reserved. 


364 


COPPER  SULFATE-INDUCED  TASTE  AVERSIONS  365 

typically  acquired  in  a  single  trial.  In  addition  to  LiCl,  a  CTA  can  also 
be  produced  by  exposure  to  ionizing  radiation  (Smith,  1971 1  and  by 
systemic  treatment  with  a  variety  of  toxic  and  nontoxic  drugs  (Garcia, 
Hankins,  &  Rusiniak,  1974;  Goudie,  1979). 

Because  subdiaphragmatic  vagotomy  disrupts  the  acquisition  of  a  CTA 
produced  by  intragastric  or  intraperitoneal  administration  of  copper  sulfate 
(CUSO4),  Coil,  Rogers,  Garcia,  and  Novin  (1978)  have  proposed  that  a 
vagally  mediated  gastric  irritation  is  the  proximal  unconditioned  stimulus 
leading  to  CTA  learning  following  systemic  treatment  with  CUSO4.  Since 
exposing  an  organism  to  ionizing  radiation  also  has  a  variety  of  effects 
on  the  gastrointestinal  system,  Hulse  and  Mizon  (1967)  have  proposed 
that  these  radiation-induced  changes  in  gastrointestinal  system  functioning 
contribute  to  the  acquisition  of  a  CTA  following  irradiation. 

As  part  of  an  experiment  on  the  effects  of  subdiaphragmatic  vagotomy 
on  the  acquisition  of  a  radiation-induced  CTA  (Rabin,  Hunt,  &  Lee, 
1983b),  a  group  of  intact  rats  was  included  which  was  treated  with  in¬ 
tragastric  CUSO4  as  a  procedural  control.  However,  in  contrast  to  the 
results  obtained  by  Coil  et  al.  (1978)  these  rats  did  not  develop  a  CTA 
following  intubation  with  CUSO4.  Several  additional  experiments  were 
therefore  run  to  attempt  to  determine  the  factors  that  might  have  affected 
the  failure  to  obtain  a  CTA  and  the  role  of  a  vagally  mediated  gastric 
irritation  in  the  acquisition  of  a  CTA  produced  by  intubation  of 
CUSO4 . 

GENERAL  METHODS 

The  subjects  for  the  various  experiments  were  male  Sprague-Dawley 
derived  rats  weighing  250-350  g  at  the  start  of  the  experiment.  The 
animals  were  maintained  in  individual  cages  in  a  room  with  a  12:12 
light: dark  cycle.  Food  and  water  were  continually  available  except  as 
required  by  the  experimental  protocol. 

Taste  aversions  were  produced  using  a  single-bottle  procedure  similar 
to  that  used  by  Coil  et  al.  (1978).  The  subjects  were  first  placed  on  a 
23.5-h  water  deprivation  schedule  for  7-10  days  during  which  water  was 
available  for  30  min  each  day  during  the  early  light  phase  of  the  diurnal 
cycle.  On  the  three  conditioning  days  the  water  bottle  was  replaced  by 
a  single  bottle  containing  10%  sucrose  for  the  30-min  drinking  period. 
Following  this,  the  rats  were  treated  with  intragastric  CUSO4  (5  mg/kg 
X  5H;0)  or  isotonic  saline  administered  through  an  infant  feeding  tube. 
On  the  test  days,  the  rats  were  again  presented  with  a  single  bottle 
containing  10%  sucrose,  but  were  not  treated  with  the  unconditioned 
stimulus.  In  the  3-  to  4-day  interval  between  each  conditioning  and  test 
day.  the  rats  were  maintained  on  the  standard  water-deprivation  schedule 
with  access  to  water  for  30  min  each  day. 
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The  data  for  all  experimental  days  are  presented  as  the  percentage  of 
the  sucrose  intake  on  the  initial  conditioning  day.  Primary  data  analysis 
was  done  with  repeated  measures  analyses  of  variance.  Where  necessary, 
detailed  comparisons  between  treatment  groups  were  done  using  orthogonal 
comparisons  (Keppel,  1973). 

All  surgical  procedures  were  performed  under  anesthesia  provided  by 
combined  injections  of  ketamine  (120  mg/kg,  ip)  and  pentobarbital  (21 
mg/kg,  ip).  Vagotomies  were  made  using  the  procedures  described  by 
Martin,  Rogers,  Novin,  and  VanderWeele  (1977).  For  the  sham-vago- 
tomized  rats,  the  vagus  was  exposed,  but  not  sectioned.  After  surgery, 
the  rats  were  allowed  to  recover  for  3-5  weeks  before  beginning  the 
deprivation  training.  Lesions  of  the  area  postrema  (AP)  were  made  using 
thermal  cauterization  under  direct  visual  control  (Rabin,  Hunt,  &  Lee, 
1983a).  In  the  sham-operated  rats,  the  AP  was  exposed,  but  not  cauterized. 
These  animals  were  allowed  a  2-  to  3-week  recovery  period  before  beginning 
the  next  phase  of  the  experiment. 

At  the  conclusion  of  the  experiments,  the  animals  were  sacrificed  with 
pentobarbital  (50  mg/kg,  ip)  to  permit  verification  of  the  vagotomy  and 
AP  lesion.  The  vagotomies  were  verified  either  by  determining  the  stomach 
weight/body  weight  ratios  of  the  vagotomized  rats,  who  show  a  significantly 
greater  ratio  than  do  control  rats  (Martin  et  al.,  1977)  or  by  recording 
the  response  of  the  stomach  to  electrical  stimulation  of  the  cervical  vagus 
(Coil  et  al.,  1978).  For  verification  of  the  AP  lesions,  the  brains  of  the 
rats  were  fixed  in  10%  formalin  saline.  Sections  were  then  cut  at  50  /xm 
through  the  brainstem  at  the  level  of  the  AP  and  stained  with  thionin. 

EXPERIMENT  1 

In  a  series  of  experiments  using  intact  rats  in  a  two-bottle  test,  Rabin 
et  al.  (1983b)  were  not  able  to  reliably  obtain  a  CTA  despite  varying 
numbers  of  conditioning  trials  or  varying  doses.  These  results  are  not 
consistent  with  the  results  of  Coil  et  al.  (1978)  who  reported  that  intragastric 
CuSO^  at  a  dose  of  5  mg/kg  produces  a  CTA  which  can  be  disrupted 
by  sectioning  the  vagus.  It  may  be  that  the  single-bottle  test  or  surgical 
procedures  utilized  in  the  successful  experiments  by  Coil  et  al.  (1978) 
contributed  to  the  acquisition  of  a  CTA  following  treatment  with  intragastric 
CUSO4.  The  present  experiment,  therefore,  was  designed  to  partially 
replicate  the  procedures  used  by  Coil  et  al.  (1978)  to  determine  whether 
under  these  conditions  intragastric  CUSO4  would  reliably  lead  to  the 
acquisition  of  a  CTA  which  could  be  disrupted  by  subdiaphragmatic 
vagotomy. 

Methods.  This  experiment  was  run  as  two  independent  replications 
with  22  naive  rats  in  the  first  and  30  naive  rats  in  the  second  replication. 
In  each  replication,  half  the  animals  were  vagotomized  and  half  were 
sham-operated  controls.  In  both  replications,  all  subjects  were  administered 
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intragastric  CUSO4  (5  mg/kg  x  5H.O)  through  an  infant-feeding  tube 
immediately  following  ingestion  of  a  10^  sucrose  solution  on  Days  1. 
4,  and  7  using  a  single-bottle  design.  Water  was  available  for  30  min  on 
the  intervening  days.  In  the  first  replication  there  was  only  a  single  test 
day  on  Day  10.  while  in  the  second,  there  were  two  test  days  on  Days 
10  and  14.  The  replications  also  differed  in  that  different  procedures  were 
used  to  assess  the  completeness  of  the  vagotomies;  a  comparison  of 
stomach  weight/body  weight  ratios  in  the  first,  and  recording  stomach 
contractions  in  response  to  stimulation  of  the  cervical  vagus  in  the  second 
replication. 

Results  and  Discussion.  The  results  of  the  first  replication  are  presented 
in  Fig.  1  which  indicates  that  the  vagotomized  animals  showed  a  greater 
reduction  in  sucrose  intake  than  did  the  control  animals  following  treatment 
with  intragastric  CUSO4 .  A  two-way  analysis  of  variance  showed  that 
the  main  effect  for  surgery  for  the  comparison  between  the  vagotomized 
and  sham-operated  rats  was  significant,  ^(1, 20)  -  8.21,  p  <  .01.  Neither 
the  main  effect  for  the  comparison  across  Days  4-10,  Fi2,  40)  =  0.20, 
p  >  .05,  nor  the  Surgery  x  Day  interaction,  F(2,  40)  =  1.64,  p  >  .05, 
was  significant,  indicating  that  the  intragastric  CUSO4  produced  a  consistent 
decrease  in  sucrose  intake  in  the  vagotomized  rats  that  was  not  observed 
in  the  controls. 

Because  these  results  are  in  direct  contrast  to  those  obtained  by  Coil 
et  al.  (1978),  a  second  replication  was  run.  These  results  are  presented 
in  Fig.  2.  Unlike  the  results  of  the  first  replication,  the  analysis  of  variance 
indicated  that  the  main  effect  for  the  comparison  between  the  vagotomized 
and  sham-operated  animals  did  not  reach  the  level  of  significance,  F(l, 
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Fig.  2.  Second  replication  of  the  effects  of  repeated  intragastric  intubation  of  CUSO4 
(5  mg/kg  X  5H.O)  on  sucrose  intake  using  a  single-bottle  design  in  vagotomized  and 
control  rats.  Variance  bars  indicate  the  standard  error  of  the  mean. 


28)  =  3.43,  p  <  .10,  while  the  main  effect  for  the  comparison  for  day 
across  Days  4-14  was  significant,  F(3,  84)  =  2.74,  p  <  .05.  Since  the 
Surgery  x  Day  interaction  was  not  significant.  F(3,  84)  =  1.09,  p  > 
.10,  it  would  suggest  that  treatment  with  intragastric  CUSO4  produced  a 
significant  decrease  in  sucrose  intake  in  both  the  vagotomized  and  control 
animals  on  at  least  several  of  the  experimental  days. 

The  results  of  these  two  replications  partially  fail  to  confirm  the  results 
of  the  experiments  by  Coil  et  al.  (1978),  who  reported  that  vagotomy 
blocks  the  acquisition  of  a  CTA  produced  by  intragastrically  administered 
CUSO4.  In  neither  of  the  replications  did  vagotomy  reverse  a  CUSO4- 
induced  CTA  observed  only  in  the  sham-operated  control  animals.  Rather, 
the  data  would  seem  to  indicate,  at  least  based  upon  the  results  of  the 
first  experiment,  that  vagotomy  may  be  a  necessary  condition  for  the 
reliable  development  of  a  CTA  following  treatment  with  intragastric 
CUSO4.  Although  the  results  of  the  second  replication  seem  to  parallel 
those  of  the  first  replication,  it  is  not  clear  why  there  were  differences 
in  results  between  the  two  replications.  Examining  Figs.  1  and  2  it  seems 
that  the  CUSO4  had  a  greater  effect  on  the  sucrose  intake  of  the  sham- 
operated  controls  in  the  second  replication  than  in  the  first,  although  it 
is  not  clear  why  this  occurred.  Similarly,  it  seems  that  the  vagotomy 
had  a  greater  effect  in  the  first  replication  than  in  the  second.  One  possible 
explanation  for  this  difference  may  be  in  the  different  methods  used  to 
validate  the  completeness  of  the  vagotomy.  Although  there  is  no  single 
test  that  is  the  best  under  all  conditions  (Louis-Sylvestre,  1983),  it  may 
be  that  the  compari.son  of  the  stomach  weight/body  weight  ratios  used 
in  the  first  replication  provided  a  more  reliable  indicator  of  the  completeness 
of  the  vagotomy  than  did  the  electrophysiological  measure  useo  .n  the 
second  replication.  Some  support  for  this  hypothesis  would  be  provided 
by  the  observation  of  significant  differences  between  the  vagotomized 
and  sham-operated  rats  in  the  first  replication,  unlike  the  second  replication. 
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EXPERIMENT  2 

The  results  of  the  preceding  experiment  suggest  that  intragastric  CUSO4 
is  more  likely  to  produce  a  reliable  CTA  in  vagotomized  animals  than 
in  sham-operated  controls.  One  possible  hypothesis  to  account  for  these 
results  is  to  suggest  that  the  effect  of  the  vagotomy-induced  delay  in 
gastric  emptying  is  to  keep  the  CUSO4  in  the  stomach  for  a  longer  period 
of  time,  thereby  allowing  it  to  cause  the  release  of  a  toxin  into  the  blood 
stream  from  which  it  can  produce  changes  in  the  activity  of  the  AP,  the 
chemoreceptive  trigger  zone  for  emesis  (Borison,  1974).  Since  CUSO4  is 
not  readily  absorbed  from  the  stomach,  it  may  be  that  in  the  intact  rat 
it  passes  too  rapidly  through  the  gastrointestinal  system  to  be  absorbed 
and,  therefore,  it  is  excreted  before  it  can  cause  a  CTA.  In  the  vagotomized 
animal,  to  the  contrary,  it  is  held  within  the  stomach  for  a  long  enough 
period  to  exert  its  toxic  effects.  One  implication  of  this  hypothesis  is 
that  the  mechanism  by  which  intragastric  CUSO4  would  lead  to  the  ac¬ 
quisition  of  a  CTA  would  involve  a  humoral  mechanism  similar  to  that 
involved  in  the  acquisition  of  a  CTA  produced  by  systemic  injection  of 
LiCl  or  other  toxins  (Rabin  et  al.,  1983a;  Ritter,  McGlone  &  Kelly,  1980). 
If  this  hypothesis  is  correct,  then  it  should  be  possible  to  disrupt  a  CTA 
produced  by  intragastric  CUSO4  in  the  vagotomized  rat  by  lesions  of  the 
AP  just  as  AP  lesions  disrupt  the  acquisition  of  taste  aversions  produced 
by  exposure  to  ionizing  radiation  or  by  systemic  injection  of  LiCi  and 
other  toxins.  This  experiment  was  designed  to  test  the  hypothesis  of 
humoral  mediation  of  the  CTA  produced  by  intragastric  CUSO4  in  the 
vagotomized  rat  by  studying  the  effects  of  AP  lesions  on  the  acquisition 
of  a  CTA  in  vagotomized  rats. 

Methods.  The  subjects  were  45  naive  male  albino  rats  weighing  275- 
350  g  at  the  time  of  initial  surgery.  They  were  divided  into  five  groups: 
(1)  AP  lesion  and  vagotomy  (AP-(- VGX,  n  -  9);  (2)  AP  lesion  and  sham 
vagotomy  (AP-i-sham,  n  =  9);  (3)  sham  AP  lesion  and  vagotomy 
(sham  -I-  VGX,  n  =  1)\  sham  AP  lesion  and  sham  vagotomy  (sham  -1-  sham, 
n  =  10);  sham  lesion  and  sham  vagotomy/saline  intubation 

(sham -I- sham/saline,  n  =  10).  The  first  four  groups  received  intragastric 
intubations  of  CUSO4  (5  mg/kg  x  5H2O)  with  an  infant  feeding  tube  on 
the  conditioning  days.  Days  1, 4  and  7,  following  ingestion  of  the  sucrose 
solution,  while  the  last  group  received  intubation  of  an  equivalent  volume 
of  isotonic  saline  on  those  days.  Days  10  and  14  were  test  days  and  the 
sucrose  was  not  followed  by  intubations  of  the  unconditioned  stimuli. 
A  repeated  treatment,  single-bottle  design  was  used  to  make  this  experiment 
equivalent  to  the  preceding  one.  The  AP  and  sham  lesions  were  ac¬ 
complished  first.  The  rats  were  then  given  2-3  weeks  to  recover  before 
the  vagotomy  and  sham  vagotomy  procedures  were  begun.  Deprivation 
training  was  begun  4-6  weeks  after  completing  the  vagotomies.  Verification 
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of  the  AP  lesions  was  accomplished  by  examining  thionin-stained  sections 
taken  through  the  brainstem  and  the  vagotomies  were  verified  by  comparing 
the  stomach  weight/body  weight  ratios  of  the  vagotomized  rats  with  the 
appropriate  controls. 

Results  and  Discussion.  The  results  are  summarized  in  Fig.  3,  which 
indicates  that  the  only  group  that  showed  continuously  decreased  sucrose 
intake  was  the  group  of  rats  given  the  sham  AP  lesions  combined  with 
vagotomy.  A  two-way  repeated  measures  analysis  of  variance  showed 
that  the  main  effect  for  surgery  was  highly  significant,  F(4,  40)  =  8.74, 
p  <  .001.  Because  neither  the  main  effect  for  the  comparison  for  days 
across  Days  4-14,  ^(3,  120)  =  0.27,  p  >  .10,  nor  the  Surgery  x  Day 
interaction,  F(12,  120)  =  0.94,  p  ^  .10,  was  significant,  the  data  tor 
each  group  were  collapsed  across  days  for  a  more  detailed  analysis  using 
orthogonal  comparisons  (Keppel,  1973).  These  comparisons  showed  that 
the  sham  +  sham  group  intubated  with  CUSO4  did  not  differ  significantly 
from  the  sham  +  sham  group  intubated  with  saline,  F(l,  40)  =  0.02,  p 
>  .10,  confirming  the  results  of  the  previous  experiments  that  intubation 
of  CUSO4  in  intact  rats  does  not  reliably  produce  a  CTA.  The  only 
comparisons  that  were  significant  were  the  comparisons  between  the 
sham-f- VGX  and  the  other  groups  in  the  experiment,  F(I,  40)  =  143.94, 
p  <  .001,  and  between  the  sham  +  VGX  and  the  AP-I- VGX  groups,  F(l, 
40)  =  7.22,  p  <  .05).  None  of  the  other  comparisons  were  significant. 

As  in  the  previous  experiment,  a  CTA  was  observed  only  in  the  va¬ 
gotomized  animals  with  an  intact  AP,  while  lesions  of  the  AP,  which  by 
themselves  had  no  effect  on  sucro.se  intake,  completely  blocked  the 
acquisition  of  a  CTA  in  the  vagotomized  subjects.  These  results  are, 
therefore,  consistent  with  the  hypothesis  that  the  delay  in  gastric  emptying 


Fici.  3.  Fiffects  of  repeated  intnigastric  intubation  of  CuSOj  (.S  mg/kg  x  .SH.O)  on  the 
acquisition  of  a  CTA  in  rats  with  lesions  of  the  area  postrema  and/or  vagotomy  using  a 
single-bottle  design.  The  CU.SO4  was  administered  immediately  following  ingestion  of  a 
\Vf/f  sucrose  solution  on  Days  I.  4,  and  7.  The  saline  group  was  administered  iniragastric 
saline  instead  of  the  CU.SO4  given  all  other  groups. 
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produced  by  the  vagotomy  may  permit  the  absorption  of  a  toxin  to  which 
the  AP  is  sensitive  and  which,  in  turn,  mediates  the  acquisition  of  a 
CTA.  It  is  not,  however,  certain  what  this  toxin  might  be  because  pre¬ 
liminary  analyses  have  indicated  that  the  intubation  of  CUSO4  in  vago- 
tomized  animals,  unlike  intubation  of  LiCl,  does  not  produce  measurable 
increases  in  the  serum  levels  of  cupric  ion. 

The  present  results,  which  indicate  that  AP  lesions  by  themselves 
have  no  effect  on  the  acquisition  of  a  CTA  produced  by  intragastric 
CUSO4  in  intact  animals,  are  in  partial  agreement  with  results  reported 
by  Coil  and  Norgren  (1981).  However,  they  reported  that  AP  lesions 
failed  to  reverse  a  CTA  produced  by  intragastric  CUSO4  in  intact  rats, 
whereas  we  have  been  unable  to  obtain  a  CTA  under  these  conditions. 
Nonetheless,  their  finding  that  lesions  of  the  AP  disrupt  the  acquisition 
of  a  CTA  produced  by  intravenous  CUSO4  would  be  consistent  with  the 
observation  that  these  lesions  disrupt  the  acquisition  of  a  CTA  produced 
by  intraperitoneal  CUSO4  (Rabin,  Hunt,  &  Lee,  unpublished  observations), 
as  well  as  with  the  present  results  which  show  that  AP  lesions  disrupt 
the  CTA  produced  by  intragastric  CUSO4  in  vagotomized  animals.  It 
therefore  seems  that,  under  all  conditions  for  which  CUSO4  may  be  used 
as  an  effective  unconditioned  stimulus  for  CTA  learning,  at  doses  of  5 
mg/kg  or  less,  either  intravenous  or  intraperitoneal  injections  in  intact 
rats  or  intragastric  intubation  in  rats  with  subdiaphragmatic  vagotomy, 
a  similar  AP-mediated  mechanism  serves  as  the  underlying  basis  for  the 
acquisition  of  a  CTA. 


GENERAL  DISCUSSION 

The  present  results  are  in  conflict  with  those  of  Coil  and  her  co-workers 
(Coil  &  Norgren,  1981;  Coil  et  al.,  1978)  who  reported  that  intragastric 
CUSO4  produces  a  CTA  that  can  be  disrupted  by  cutting  the  vagus.  In 
the  present  experiments  it  was  not  possible  to  reliably  produce  a  CTA 
with  intragastric  CUSO4  in  intact  rats,  although  a  CuS04-induced  CTA 
was  reliably  observed  in  rats  with  subdiaphragmatic  vagotomy  following 
intragastric  administration.  While  several  of  the  present  experiments  used 
procedures  similar  to  those  of  Coil  et  al.  (1978),  they  were  not  identical. 
It  is  not,  however,  likely  that  these  procedural  differences  were  responsible 
for  the  behavioral  differences  because  the  CTA  is  a  robust  effect  that 
has  not,  in  previous  research,  been  affected  by  these  variations  in  pro¬ 
cedure.  In  addition,  the  observation  that  it  was  possible  to  produce  taste 
aversions  in  rats  with  subdiaphragmatic  vagotomies  following  treatment 
with  intragastric  CUSO4 ,  as  well  in  intact  rats  given  intraperitoneal  CUSO4 
(Rabin  et  al.,  1983b),  would  indicate  that  the  procedures  utilized  in  the 
present  experiments  were  sufficient  to  produce  a  CTA  under  the  right 
experimental  conditions.  As  such,  it  is  not  obvious  from  the  published 
literature  what  factors  might  have  contributed  to  the  different  results. 
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The  observation  that  lesions  of  the  AP  disrupt  the  acquisition  of  a 
CTA  produced  by  systemic  treatment  with  CUSO4  in  intact  rats  (Coil  & 
Norgren,  1981;  Rabin,  Hunt,  &  Lee,  unpublished  observations)  as  well 
as  by  intragastric  administration  in  vagotomized  rats  would  be  consistent 
with  the  hypothesis  that  a  common  mechanism  underlies  CTA  learning 
produced  by  treatment  with  this  dose  of  CUSO4 .  Since  the  AP  functions 
as  the  chemoreceptive  trigger  zone  for  emesis  (Borison,  1974),  the  im¬ 
plication  is  that  some  common  humoral  factor  underlies  the  acquisition 
of  a  CuS04-induced  CTA,  although  the  nature  of  that  factor  remains  to 
be  identified.  Within  this  context,  then,  the  role  of  vagotomy  in  the  CTA 
produced  by  intragastric  CUSO4  would  be  to  retain  the  CUSO4  in  the 
stomach  for  a  period  of  time  sufficient  to  allow  for  a  CuS04-released 
toxin  to  get  into  the  blood  stream  from  which  it  can  affect  AP  activity. 

The  observation  in  the  present  experiments  that  intragastrically  ad¬ 
ministered  CUSO4  does  not,  by  itself,  produce  a  CTA  in  intact  rats 
raises  the  question  of  the  role  of  stomach  irritation  in  CTA  learning  as 
well  as  the  relationship  between  CTA  and  emesis.  Because  the  functional 
effects  of  a  CTA  and  emesis  are  simitar,  to  limit  the  intake  and/or 
absorption  of  toxic  substances,  it  has  been  suggested  that  the  mechanisms 
underlying  both  responses  are  similar  (e.g.,  Rabin,  Hunt  &  Lee,  1984). 
However,  the  observation  that  CUSO4  produces  a  vagally  mediated  emetic 
response  in  dogs  (Wang  &  Borison,  1951),  but  does  not  lead  to  the 
acquisition  of  a  CTA  in  intact  rats,  would  indicate  that  there  are  some 
differences  between  emesis  and  CTA  learning  in  response  to  CUSO4- 
induced  gastric  irritation.  The  present  data  do  not  allow  a  determination 
of  whether  this  difference  is  due  to  species  differences  between  dogs 
which  are  capable  of  emesis  as  opposed  to  rats  which  are  not,  or  whether 
the  difference  is  related  to  the  nature  of  the  response,  emesis,  which  is 
an  unconditioned  response  to  treatment  with  a  toxic  unconditioned  stimulus, 
as  opposed  to  a  CTA,  which  is  a  conditioned  response  to  a  conditioned 
stimulus.  The  present  results  might  suggest  that  the  acquisition  of  a  CTA, 
in  contrast  to  the  emetic  response,  induced  by  gastric  irritation  requires 
a  longer  period  of  action  by  the  toxin,  conditions  that  are  met  by  using 
vagotomized  subjects. 

In  summary,  the  present  experiments  suggest  that  intragastric  CUSO4 
is  not  a  reliable  unconditioned  stimulus  for  the  acquisition  of  a  CTA  in 
intact  rats.  However,  when  vagotomized  rats  were  used  a  CTA  was  more 
consistently  observed  following  intragastric  administration  of  CUSO4  at 
a  dose  of  5  mg/kg.  The  observation  that  the  CTA  induced  by  CUSO4  in 
vagotomized  rats  could  be  disrupted  by  AP  lesions  suggests  that  the 
mechanism  by  which  intragastric  CUSO4  can  lead  to  CTA  learning  involves 
some  humoral  toxin,  in  a  manner  similar  to  CTA  learning  produced  by 
LiCI  or  radiation,  or  by  systemic  treatment  with  CUSO4.  In  this  context, 
then,  the  role  of  the  vagotomy  is  not  to  disrupt  CTA  learning,  as  suggested 
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by  Coil  et  al.  (1978),  but  rather  to  prolong  the  action  of  CUSO4  in  the 
gastrointestinal  system  and,  thereby,  produce  the  toxic  conditions  necessary 
for  the  acquisition  of  a  CTA. 
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Abstract.  Hemopoietic  changes  in  male  C57BL/6Cum  BR  mice  engrafted  with  Lewis  lung 
carcinoma  (3LL)  were  evaluated  between  day  7,  when  palpable  tumors  were  present,  to  day  30 
postengraftment.  All  experimental  animals  demonstrated  decreasing  hematocrits  (down  40% 
by  day  30)  with  concurrent  leukocytosis  which  by  day  30  postengraftment  had  reached  levels 
13.4  times  normal.  The  myelocytic/erythrocytic  ratio  for  normal  animals  was  1:3  (bone  mar¬ 
row:  spleen).  The  ratio  for  engrafted  animals  ranged  between  1 0: 1  and  40: 1 .  This  apparent 
shift  in  production  priorities  is  even  more  significant  in  light  of  the  fact  that  femoral  bone 
marrow  cellularity  had  decreased  by  33%  on  day  17.  Splenomegaly,  evident  by  day  7,  was 
seven  times  control  by  day  17.  Clonogenic  analysis  of  erythroprogenitor  cell  concentrations 
revealed  an  inverse  relationship  between  bone  marrow  and  spleen.  27  days  after  engraftment, 
splenic  populations  demonstrated  significant  increases  in  colony  forming  unit-erythroid  (115- 
fold),  burst  forming  unit-erythroid  (7.4-fold),  whereas  bone  marrow  concentrations  had 
decreased  (6-fold).  This  report  suggests  that  initiation  of  3LL  tumor  in  mice  results  in  a  change 
in  the  degree  of  hematopoietic  priorities  and  participation  of  erythroid  organs. 
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Introduction 

Experimental  animal  models  with  trans¬ 
plantable  nonmedullary  solid  tumors  such  as 
Ehrlich  carcinoma  [I,  2],  adenocarcinoma 
[3,  4],  and  Lewis  lung  carcinoma  [5-8]  have 
shown  dramatic  perturbations  in  both  mar¬ 
row  and  spleen  hemopoietic  multipotential 
stem  cells  and  committed  progenitor  cell 
populations.  This  report  suggests  that  over  a 
period  of  7-30  days  postengraftment  a  num¬ 
ber  of  hematopoietic  changes  take  place.  Pe¬ 
ripheral  blood  changes  include  alterations  in 
cellularity,  ratio,  morphology,  and  signifi¬ 
cant  changes  in  progenitor  cell  concentra¬ 
tions. 


Materials  and  Methods 

Mice 

Male  C57BL/6Cum  BR  mice,  12-16  weeks  old 
(Cumberland  View  Farms,  Clinton,  Tenn.),  free  of 
lesions  of  murine  pneumonia  complex  and  of  oropha¬ 
ryngeal  Pseudomonas  spp.,  were  maintained  on  a  diet 
of  Wayne  Lab-Blox  food  pellets  and  chlorinated  water 
(1 1  ppm)  available  ad  libitum.  Mice  were  housed  in 
filter-covered  cages  in  a  room  with  a  12-hour  light- 
dark  cycle. 

Tumor 

Lewis  lung  (3LL)  carcinoma  is  a  transplantable 
metastatic  tumor  that  arose  spontaneously  in  pulmo¬ 
nary  tissues  of  a  C57BL/6  mouse  received  in  its  86th 
passage.  The  tumor  line  has  been  passaged  in  our  lab¬ 
oratory  since  1974.  Tumor  cells  derived  from  16-day- 
old  tumors  were  routinely  prepared  for  passage  (as 
previously  outlined  in  detail  [6])  in  0.2  ml  of  10% 
(v/v)  concentration  of  cells  in  RPMl-1640  medium, 
injected  subcutaneously  in  the  left  flank. 

Experimental  Design 

Peripheral  blood  was  obtained  from  anesthetized 
mice  via  cardiac  puncture.  Blood  smears  were  stained 
with  benzidine  and  counterstained  with  Wright’s- 


Giemsa  blood  stains.  The  microplasma  clot  culture 
system,  previously  described  in  detail  [7],  was  used  to 
assess  erythroid  progenitor  cells.  Positive  engraft- 
ments  were  palpable  by  day  7  and  for  that  reason,  day 
7  was  selected  as  the  first  examination  day.  Three 
independent  studies  were  done,  with  3  mice  used  per 
data  point. 


Results 

Peripheral  Blood 

The  red  blood  cell  (RBC),  hematocrit 
(Hct),  and  white  blood  cell  (WBC)  values  of 
mice  engrafted  with  tumor  cells  are  shown  in 
figure  1.  Particularly  evident  are  the  condi¬ 
tions  of  anemia  and  leukocytosis.  A  decrease 
is  noted  in  (fig.  1)  packed  cell  volume  (16%) 
by  day  13  and  a  41%  decrease  by  day  30. 
Figure  2  demonstrates  the  pronounced  leu¬ 
kocytosis  (13.4  X  normal,  day  30)  that  oc¬ 
curs  after  engraftment. 

Bone  Marrow 

By  day  7  engraftment  had  caused  bone 
marrow  (BM)  cellularity  to  decrease.  Over 
the  entire  experimental  time  frame,  cellular¬ 
ity  decreased  to  67%  of  normal.  The  data 
presented  in  figure  4  and  table  I  suggest  that  a 
wave  of  nucleated  erythroid  cells  is  first  ob¬ 
served  between  days  7  and  1 7,  when  granulo¬ 
cytic  cellular  elements  were  essentially  within 
normal  levels.  This  was  followed  by  a  de¬ 
crease  in  nucleated  erythroid  cells  and  a  con¬ 
comitant  increase  in  proliferative  granulo¬ 
cytic  cells  (myeloblasts,  promyelocytes,  and 
myelocytes)  between  days  19  and  23.  This 
rebound  of  activity  in  proliferative  granulo¬ 
cyte  cell  activity  was  followed  by  an  increase 
in  nonproliferative  granulocytic  cells  (meta¬ 
myelocytes  and  mature  granulocytes)  be¬ 
tween  days  23  and  30. 


Fig.  1.  Peripheral  blood  hemogram  of  male  C57BL/6Cum  mice  engrafted  with  Lewis  lung  carcinoma  cells. 
Each  point  represents  a  value  for  I  mouse:  Hct  percentages,  RBC  counts  X  10^/mm^,  and  WBC  counts 
X  lOVmm^  Shaded  area  represents  mean  +  SEM  values  for  normal  mice  (n  =  9;  Hct  =  41.61  ±  0.55%;  RBC  = 
8.27  ±  0.17  X  lOVmmJ;  WBC  =  3.67  ±  0.29  X  lOVmmJ). 


Table  I.  M/E  ratio  of  recognizable  hemopoietic 
cells  for  femoral  BM  and  spleen 


Table  II.  BFU-E/IO^  nucleated  BM  or  spleen  cells 
(SPL)  plated  at  days  7  and  27  after  engraOment  of 
Lewis  lung  carcinoma  cells  (mean  ±  SEM  values) 


Days  after  engraftment 
with  3LL  tumor  cells 

9 

12 

18 

23 

25 

27 

30 

Control  (n  =  9) 


Spleen  Experi-  Day  7' 

ment  - 

-  No.  BM 


08.0±2.3  l.6±0.5 
24.6±1.7  7.1±1.1 
40.6  ±6.4  0.9  ±0.3 


Day  27' 


10.6±0.6  2.6±1.2 
11.0  ±2.4  5.6  ±0.3 
I4.3±l.8  3.0±0.4 


Control  values:  BM  19.7  ±  1.9;  SPL0.5  ±0.1;  n  =  9. 
'  Days  7  and  27  were  selected  as  peaks  of  BFU-E 
activity. 
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Table  III.  Overview  of  hemocytopoietic  changes  in  the  peripheral  blood,  femoral  marrow,  and  spleen  in  mice 
after  engrafiment  with  Lewis  lung  carcinoma  cells 


Time  after  engraflment  with  tumor  cells 


Day  7 


Day  30 


Peripheral  blood 

19%  decrease  in  Hct 

16%  decrease  in  RBC 

4.5-fold  increase  in  WBC 

5-fold  increase  in  %  granulocytes 

4 1  %  decrease  in  Hct 

50%  decrease  in  RBC 

13.4-fold  increase  in  WBC 

7.5-fold  increase  in  %  granulocytes 

Spleen 

6.6-fold  increase  in  cellularity 

Decrease  in  M/E  ratio 

Increase  in  nonproliferative  granulocyte  cells 
Increase  in  nucleated  erythroid  cells 

1 15-fold  increase  in  CFU-E 

Increase  in  CFU-S' 

Increase  in  GM-CFC' 

Increase  in  M-CFC' 

6.9-fold  increase  in  cellularity 
decrease  in  M/E  ratio 
increase  in  proliferative  granulocyte  cells 
increase  in  nucleated  erythroid  cells 
7.4-fold  increase  in  BFU-E 

4.7-fold  increase  in  MEG-CFC 

Bone  Marrow 

8.7%  decrease  in  cellularity 

Increase  in  M/E  ratio 

Increase  in  nonproliferative  granulocyte  cells 
Increase  in  nucleated  erythroid  cells 

72%  decrease  in  BFU-E 

Increase  in  GM-CFC 

Increase  in  M-CFC 

33%  decrease  in  cellularity 

increase  in  M/E  ratio 

increase  in  proliferative  granulocyte  cells 

6-fold  decrease  in  CFU-E 

no  change  in  MEG-CFC 

hemopoietic  cells,  the  splenic  myelocytic/ 
erythrocytic  (M/E)  ratio  was  less  than  0.38 
throughout  the  study,  compared  to  a  control 
M/E  ratio  of  8.33  (table  I).  An  increase  of 
splenic  granulocytic  activity  occurred  be¬ 
tween  day  7  and  day  27,  with  an  increase  in 
nonproliferative  granulocytic  cells  between 
days  7  and  17,  followed  by  a  more  pro¬ 
nounced  increase  in  proliferative  granulo¬ 
cytic  cells  between  days  12  and  27  (fig.  4). 


Data  from  in  vitro  culture  assays  supports 
the  microscopic  data  of  splenic  hemopoietic 
cellularity.  The  concentration  of  BFU-E/IO* 
spleen  cells  plated  appeared  to  reach  two  sig¬ 
nificant  peaks  of  activity,  the  first  at  day  7 
and  the  second  at  day  27  (table  II).  Figure  6 
presents  the  data  for  spleen  CFU-E.  1 2  days 
after  engraftment,  the  concentration  ofCFU- 
E/IO^  spleen  cells  was  30-40  times  greater 
than  values  for  control  mice. 
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Discussion 

This  paper  reports  modulations  in  murine 
hemopoiesis  after  engraflment  with  Lewis 
lung  carcinoma  cells.  Throughout  the  study, 
there  appears  to  be  a  causal  relationship  be¬ 
tween  tumor  growth  and  the  following:  sple¬ 
nomegaly,  medullary  hypocellularity,  periph¬ 
eral  blood  neutrophilia  and  erythroid  ane¬ 
mia,  increased  splenic  erythrocytopoiesis  and 
increased  marrow  granulocytopoiesis  (ta¬ 
ble  III).  Portions  of  these  observations  are 
consistent  with  previously  reported  results. 
Peripheral  blood  neutrophilia  refelected  en¬ 
hanced  granulocytic  activity  of  the  bone  mar¬ 
row  and  spleen,  suggested  by  the  high  num¬ 
bers  of  marrow-  and  spleen-derived  GM- 
CFU  and  the  percent  early  recognizable  gran¬ 
ulocytic  cellular  elements.  The  occurrence  of 
identifiable  early  granulocytic  cells  in  a  bi- 
phasic  manner  suggested  the  existence  of  a 
high  concentration  of  granulocyte-stimulat¬ 
ing  factors  that  induce  granulocyte  differenti¬ 
ation.  When  the  percentage  of  nonprolifera¬ 
tive  cells  began  to  descend,  a  simultaneous 
increase  occurred  in  the  proliferating  granu¬ 
locytic  cell  compartment.  The  increase  in 
GM-CFU  observed  on  days  12-14  was  more 
than  likely  responsible  for  the  appearance  of 
proliferating  granulocytic  cells  observed  dur¬ 
ing  days  1 9-27  in  the  bone  marrow  and  dur¬ 
ing  days  1 2-27  in  the  spleen.  The  increase  in 
marrow  leukocytopoiesis  was  possibly  at  the 
expense  of  erythroid  activity,  indicated  by  an 
increase  in  marrow  M/E  ratio  and  a  decrease 
in  concentration  of  marrow-derived  BFU-E 
and  CFU-E. 

The  peripherally  demonstrated  anemia 
may  be  due  to  a  loss,  or  change,  in  RBC  pro¬ 
duction,  an  increase  in  the  destruction  of 
RBC,  or  changes  in  the  plasma  volume.  Our 
data  suggest  that  the  peripheral  anemia  may 


be  due  in  part  to  changes  in  site(s)  of  RBC 
production.  Data  reported  here  indicate  a 
pronounced  compensatory  increase  in 
splenic  erythrocytopoiesis.  However,  this 
change  of  production,  both  alone  and  in  com¬ 
bination  with  other  factors,  was  unable  to 
prevent  anemia. 

Our  data  are  consistent  in  part  with  a 
number  of  publications  that  report  hemato¬ 
poietic  effects  of  tumors  and/or  their  factors 
on  granulocytopoiesis  [1,3,  8-14]  and  imply 
that  3LL  may  induce  release  of  substances 
which  regulate  the  blood  cell-forming  tissues 
or  the  inductive  microenvironmental  fac¬ 
tors. 
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